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SUMMARY 

The c o n t r a c t u a l  program i s  being conducted i n  two s e p a r a t e  
phases ,  During Phase I, the  u t i l i t y  of c u r r e n t  p r o p e l l a n t  acqui- 
s i t i o n  techniques w a s  i n v e s t i g a t e d  and the  b e s t  a c q u i s i t i o n ,  pres-  
s u r i z a t i o n ,  and tankage p ropu l s ion  subsystems were s e l e c t e d  f o r  
Mars and Grand Tour s p a c e c r a f t .  De ta i l ed  ana lyses  and design of 
t he  s e l e c t e d  a c q u i s i t i o n  systems w i l l  be performed i n  Phase 11. 
The t h r e e  b a s e l i n e  missions inc lude  two 1-yr Mars O r b i t e r  m i s -  
s i o n s  and a 10-yr Grand Tour mission t o  t h e  o u t e r  p l a n e t s .  The 
space s t o r a b l e  p r o p e l l a n t s  OF2 and B2Hg are used f o r  one Mars 
o r b i t e r ,  wh i l e  t h e  second uses  N 2 0 4  and CH3N2H3 (MMH) e a r t h  s t o r -  
a b l e s .  
Grand Tour s p a c e c r a f t .  

A n i t r a t e d  hydrazine monopropellant i s  employed f o r  t h e  

Resu l t s  of t h e  Phase I system e v a l u a t i o n  and s e l e c t i o n  are 
p resen ted  i n  t h i s  volume. De ta i l ed  in fo rma t ion  on c u r r e n t  pro- 
p e l l a n t  a c q u i s i t i o n  techniques i s  included.  Evaluat ions of pro- 
p e l l a n t  a c q u i s i t i o n  techniques,  p r o p e l l a n t  t ank  c o n f i g u r a t i o n s ,  
and helium ve r sus  n i t r o g e n  stored-gas p r e s s u r i z a t i o n  are pre- 
s en ted  f o r  each of t h e  t h r e e  r e f e r e n c e  mis s ions .  Surface t e n s i o n  
devices  are c l e a r l y  shown t o  be t h e  b e s t  p r o p e l l a n t  a c q u i s i t i o n  
concept f o r  a l l  t h r e e  missions.  For both Mars o r b i t e r s ,  a two- 
s p h e r i c a l  p r o p e l l a n t  rank conf igu ra t ion  i s  p r e f e r r e d ;  f o r  t h e  
Grand Tour, t h e  s i n g l e  t ank  should b e  s p h e r i c a l .  H e l i u m  p res su r -  
a n t  provides  advantages over n i t r o g e n  f o r  bo th  of t h e  s e p a r a t e l y  
s t o r e d  Mars o r b i t e r  systems a n d - f o r  t h e  Grand Tour blowdown pres- 
s u r i z a t i o n  system. The r e s u l t s  p re sen ted  a l s o  show t h a t  t h e  Mars 
o r b i t e r s  should employ a s i n g l e  p r e s s u r a n t  s t o r a g e  sphe re  wi th  
helium s t o r e d  a t  t h e  nominal p r o p e l l a n t  temperature and an i n i -  
t i a l  p r e s s u r e  of 4000 p s i a .  
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I I INTRODUCTION 

1-1 

The problems a s s o c i a t e d  w i t h  p r o p e l l a n t  o r i e n t a t i o n  and con- 
t r o l  during zero g (near-weight lessness)  are w e l l  p u b l i c i z e d  i n  
t h e  l i t e r a t u r e  (Ref 1-1 t o  1-41. During t h e  coas t ing ,  unpowered 
phases of a space mission,  d rag  f o r c e s  a c t i n g  on t h e  s p a c e c r a f t  . 

t end  t o  p o s i t i o n  t h e  h e a v i e r  l i q u i d  p r o p e l l a n t  a t  t h e  forward 
end of t he  tank,  and t h e  l i g h t e r  u l l a g e  gas over t h e  tank o u t l e t .  
Therefore ,  a method f o r  maintaining p r o p e l l a n t  a t  t h e  tank o u t l e t  
is  r equ i r ed  so  t h a t  gas-free l i q u i d  i s  a v a i l a b l e  t o  t h e  r o c k e t  
engine on demand. 
t h i s  method. 

The p r o p e l l a n t  a c q u i s i t i o n  subsystem provides  

The i n v e s t i g a t i o n  of space s t o r a b l e  p r o p e l l a n t  a c q u i s i t i o n  
dev ices  i s  be ing  conducted i n  two phases.  During the  f i r s t  phase,  
c u r r e n t  (developed o r  under development) p r o p e l l a n t  a c q u i s i t i o n  
methods were eva lua ted  and compared f o r  p o s s i b l e  a p p l i c a t i o n  t o  
s p a c e c r a f t  missions t o  Mars and the  Grand Tour of o u t e r  p l a n e t s ,  
T h i s  s tudy phase concluded wi th  s e l e c t i o n  of t h e  b e s t  p r o p e l l a n t  
a c q u i s i t i o n ,  p r e s s u r i z a t i o n ,  and tankage combination f o r  each of 
t h e  b a s e l i n e  missions.  
i n  t h i s  s e l e c t i o n .  Resu l t s  of t h e  f i r s t  phase are p resen ted  i n  
t h i s  r e p o r t .  During t h e  second phase of t h e  c o n t r a c t u a l  s tudy ,  
t h e  p r o p e l l a n t  a c q u i s i t i o n  subsystem w i l l  be  designed and analyzed. 
The r e s u l t s  of t h e  second phase w i l l  be summarized i n  t h e  second 
volume of t h e  f i n a l  r e p o r t  t o  b e  publ ished a t  a l a te r  d a t e .  

The p r o p e l l a n t  a c q u i s i t i o n  device w a s  key 

The s tudy  approach f o r  Phase I which included f i v e  major t a sks  
i s  p resen ted  i n  F igu re  1-1. The program o b j e c t i v e s ,  mission c r i -  
t e r ia ,  and design g u i d e l i n e s ,  are d i scussed  i n  Chapter 11. During 
Task I,  a p re l imina ry  r a t i n g  system w a s  formulated t o  compare t h e  
d i f f e r e n t  p r o p e l l a n t  a c q u i s i t i o n  subsystems. An e x t e n s i v e  survey 
w a s  conducted e a r l y  i n  t h e  program t o  c o l l e c t  background informa- 
t i o n  and d a t a  on p r o p e l l a n t  a c q u i s i t i o n  concepts.  The survey in-  
cluded l ' t e r a t u r e  s e a r c h e s g  p e r s o n a l  c o n t a c t  w i th  government 
agencies ,  aerospace companies and vendors.  This  survey e f f o r t  
d i d  n o t  uncover any new p r o p e l l a n t  a c q u i s i t i o n  methods except  
f o r  t h e  c a p i l l a r y l b e l l o w s  dev ice  conceived under t h e  r e c e n t l y  
completed NASA program, Con t rac t  NAS9-8939 (Ref 1-5) The c a p i l -  
l a ry /be l lows  dev ice  w a s  eva lua ted  f u r t h e r  i n  t h i s  s tudy under 
Task V I I I .  
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A s  shown i n  Figure 1-1, Task I1 w a s  used t o  compile background 
information,  design c r i t e r i a  and o p e r a t i o n a l  c h a r a c t e r i s t i c s  of t h e  
t h r e e  propuls ion subsystems a These d a t a ,  a long w i t h  the  p re l imina ry  
r a t i n g  technique (Task I), were used i n  t h e  comparative e v a l u a t i o n  
conducted during Task 111. Based upon t h e s e  comparisons, t he  b e s t  
i n t e g r a t e d  p ropu l s ion  subsystems were s e l e c t e d  i n  Task 111. 
p r e f e r r e d  systems were eva lua ted  f u r t h e r  i n  Task IV a g a i n s t  p o s s i b l e  
changes t o  t h e  b a s e l i n e  Mars and Grand Tour missions.  The s e l e c t e d  
systems were recommended t o  JPL f o r  approval  (Task V). 

The 

A s  mentioned, program o b j e c t i v e s ,  mission cr i ter ia  and s tudy 
g u i d e l i n e s  are p resen ted  i n  Chapter 11. The p r o p e l l a n t  a c q u i s i -  
t i o n  devices  evaluated du r ing  t h e  s tudy are d i scussed  i n  Chapter 
111, and t h e  p r e s s u r i z a t i o n  system a n a l y s i s  i s  included i n  Chap- 
ter IV. Tank designs and packaging of t h e  p ropu l s ion  systems are 
p resen ted  i n  Chapter V, and t h e  comparative e v a l u a t i o n  of t h e  pro- 
p u l s i o n  subsystems and s e l e c t i o n  of t h e  p r e f e r r e d  systems are de- 
t a i l e d  i n  Chapter VI. 
of p o s s i b l e  changes i n  t h e  b a s e l i n e  mission requirements on t h e  
s e l e c t e d  systems i s  p resen ted  i n  Chapter VII. Recommendations and 
conclusions f o r  t h i s  f i r s t  phase of t h e  s tudy are d i scussed  i n  
Chapter VIII. 

A ' q u a l i t a t i v e  d i s c u s s i o n  of t h e  i n f l u e n c e  
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11 PROGRAM OBJECTIVES MISSION CRITERIA AND STUDY GUIDELINES 

A. PROGRAM OBJECTIVES 

The program o b j e c t i v e s  were t o  i n v e s t i g a t e  t h e  u t i l i t y  of 
c u r r e n t  (developed o r  under development) p r o p e l l a n t  a c q u i s i t i o n  
methods and t o  select and recommend the  b e s t  p r o p e l l a n t  acqu i s i -  
t i o n ,  p r e s s u r i z a t i o n ,  and tankage subsystem combination t o  s a t i s f y  
each of t h e  b a s e l i n e  Mars and Grand Tour missions.  The recom- 
mended p r o p e l l a n t  a c q u i s i t i o n  subsystem, w i t h  JPL approval ,  w i l l  
be  designed and analyzed during t h e  second phase of t h e  program. 

B. MISSION CRITERIA 

The b a s e l i n e  p l a n e t a r y  missions are designated as Missions 
A I ,  A2 and B. The l a t t e r  i s  t h e  m u l t i p l e  p l a n e t  mission,  Grand 
Tour, wh i l e  Al and A2 are Mars missions.  The Viking s p a c e c r a f t  
p ropu l s ion  system envelope shown i n  Figure 11-1 was used f o r  t h e  
Mars missions,  and t h e  p ropu l s ion  system envelope shown i n  F igu re  
11-2 w a s  used f o r  t h e  Grand Tour mission. The corresponding en- 
velope g ross  volumes are 198 and 22 cu f t ,  r e s p e c t i v e l y .  Addi- 
t i o n a l  b a s e l i n e  mission cri teria are p resen ted  i n  t h i s  s e c t i o n .  

1. Mission Description and Engine Duty Cycle 

Mission A, and A, - The Mars O r b i t e r  Mission i n c l u d e s  a ground 
hold of 30 days (maximum) p r i o r  t o  launch aboard t h e  T i t a n  I I I D /  
Centaur. T r a n s i t  t i m e  t o  Mars i s  180 days followed by i n s e r t i o n  
i n t o  a 24-hour e l l i p t i c a l  Mars o r b i t .  The maximum Mars o r b i t i n g  
requirement i s  90 days. The p ropu l s ion  even t s  are p resen ted  i n  
Table 11-1. There are two midcourse c o r r e c t i o n s ,  t h e  o r b i t  in-  
s e r t i o n ,  and as many as t h r e e  o r b i t  t r i m s .  The ,pe rcen t  of loaded 
p r o p e l l a n t  expended during each engine burn i s  p resen ted  i n  t h e  
t a b l e ,  Mission a c c e l e r a t i o n  environments are shown i n  Table 11-2 ,  
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Note: 
A1 1 dimensions 
are inches. 
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Figure 11-2 Propulsion System Envelope, Mission B 
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Table 11-1 Propu ls ion  Event Sequence 

Missions A I  and A 3  

EVENT 
PROPELLANT LOAD 

EXPENDED 
( % I  

F i  rs t m i  dcourse 
Second midcourse 
O r b i t  i n s e r t i o n  
F i r s t  o r b i t  t r i m  
Second o r b i t  t r i m  
T h i r d  o r b i t  t r i m  

0.6 
0.6 

95.0 
1.3 
1.2 
1.3 

EVENT TIME 
(DAYS) 

Launch ( L )  + 5 
L + 160 
L + 180 
L + 181 
L + 225 
L + 270 

M iss ion  B 

PROPELLANT LOAD 
EXPENDED 

(% 1 
EVENT TIME 

(DAYS) 

Post launch 
Pre-Jupi t e r  
Post-Jupi  t e r  
Pre-Saturn 
Post-Saturn 
Pre-Uranus 
Pre-Uranus 
Pos t-Uranus 
Pre-Neptune 

10 a 00 
2.22 
5.49 
3.93 

34.15 
10.89 
4.15 

20.73 
8.44 

Launch (L) + 10 
L + 493 
L + 531 
L + 1087 
L + 1116 
L + 2310 
L + 2331 
L + 2360 
L + 3272 
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Mission B - The Grand Tour Mission may inc lude  f lybys  of J u -  
p i t e r ,  Sa turn ,  Uranus and Neptune; t he  t o t a l  miss ion  t i m e  is ap- 
proximately 3500 days. The n ine  propuls ion  even t s  are presented  
i n  Table  11-1, The f i r s t  course c o r r e c t i o n  maneuver occurs  t e n  
days a f t e r  launch,  whi le  t h e  l as t  engine burn (pre-Neptune) t akes  
p l a c e  3272 days a f t e r  launch.  The pe rcen t  of  loaded p r o p e l l a n t  ex- 
pended dur ing  each engine burn  i s  presented  i n  t h e  t a b l e ;  t h e  t o t a l  
(nominal p l u s  30) v e l o c i t y  requirement i s  approximately 320 meters 
p e r  second. Mission a c c e l e r a t i o n  l e v e l s  are shown i n  Table 11-2. 
The launch v e h i c l e  f o r  t h i s  mission i s  a T i t a n  IIID/Centaur/Burner  
I1 (1440)., 

~ _ _ _ _  

Table 11-2 Acceleration Environment* 

AXIAL - POSITIVE 
Boost Phase - Maximum 
Spacecraft Engine 

Maximum 
Mi ni m u m  

AXIAL - NEGATIVE 

L AT E RA L 

Mission A i  

3 . 8  

0.156 
0.133 
10- 

0.0002 

l iss ion A 2  

3.8 

0 0495 
0 0400 
10- 

0.0002 

*Accelerations a r e  expressed in Ea r th  g .  

2 .  ProPellants 

Mission A i  and A2 - Mission A i  u t i l i z e s  t h e  space  s t o r a b l e  
p r o p e l l a n t s  oxygen d i f l u o r i d e  (OF2) and d iborane  (B2H6) w h i l e  M i s -  
s i o n  A2 employs t h e  e a r t h  s t o r a b l e s  n i t r o g e n  t e t r o x i d e  (N20Q) and 
monomethylhydrazine (CH3N2H3) as t h e  b a s e l i n e  p r o p e l l a n t  combina- 
t i o n s .  Phys ica l  p rope r ty  d a t a  f o r  t hese  p r o p e l l a n t s ,  as w e l l  as 
those  f o r  o t h e r  p r o p e l l a n t s  considered du r ing  t h e  program are pre- 
s en ted  i n  Table  11-3. 
hydraz ine  w i t h  n e a t  hydraz ine  (N2H4) f o r  Mission A2 w a s  cons idered  
dur ing  t h e  s tudy  e 

The p o s s i b i l i t y  of  replacif ig  t h e  monomethyl- 

Mission B - A monopropellant,  75/25 w t %  hydraz ine lhydraz ine  
n i t r a t e  ( 7 5 / 2 5  - N ~ H ~ / N ~ H S N O ~ ) ,  w a s  t h e  b a s e l i n e  p r o p e l l a n t  A 
p o s s i b l e  p r o p e l l a n t  change t o  hydraz ine  w a s  a l s o  considered.  
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3. Propulsion System 

Missions A I  and A2 - The b a s e l i n e  system schematics  f o r  t h e  
two Mars miss ions  are p resen ted  i n  F igures  11-3 and 11-4. The 
tank  o u t l e t s  are po in ted  toward Ea r th  du r ing  launch. T o t a l  i m -  
p u l s e  i s  400,000 lbf -sec  f o r  bo th  missions.  

are 1000 l b  and 300 l b  and p r o p e l l a n t  mix ture  r a t i o s  are 3.0 

and 1.55 f o r  Missions A1 and A 2 ,  r e s p e c t i v e l y ,  Addi t iona l  system 
c r i t e r i a  are p resen ted  i n  Table  11-4. 

Engine t h r u s t  levels 

f f 

Mission B - The propuls ion  system schemat ic  i s  p resen ted  i n  
F igu re  11-5. A s  i n  t h e  Mars mis s ions ,  t h e  tank o u t l e t  i s  o r i e n t e d  
toward Ea r th  du r ing  launch. The p ropu l s ion  system c r i t e r i a  f o r  
t h i s  miss ion  are a l s o  p re sen ted  i n  Table  11-4. Engine t h r u s t  
level i s  25 l b  and t h e  vacuum s p e c i f i c  impulse i s  255 l b  - sec / lb  . f f m 

4.  Pressurization Subsystem 

Stored-gas p r e s s u r i z a t i o n  i s  employed f o r  a l l  missions.  The 
p r e s s u r a n t  may be  n i t r o g e n  o r  helium f o r  t h e  Mars and Grand Tour 
missions.  The l a t t e r  uses  a blowdown system as shown i n  F igu re  
11-5. 

5. Propellant Tankage 

The b a s e l i n e  tanks  are sphe res  o r  c y l i n d e r s  w i th  hemispher ica l  
end domes. For Missions AI  and A 2 $  e i t h e r  t w o  o r  fou r  p r o p e l l a n t  
t anks  may be  employed. The b a s e l i n e  four- tank conf igu ra t ion  uses  
a p a r a l l e l  tankage arrangement. For Mission B,  only one tank i s  
used. 
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Table 11-4 Propulsion System Cr i t e r i a  

Propel 1 ants 
Propellant Temperature, O R  

Range 
Nominal 

Propellant Density, lb  / f t 3  

Propel 1 a n t  Mass 

Tank Volumes f t 3  
I n i t i a l  Ullage, % 
Propel 1 a n t  Margi n % 
idumber of Burns 
Thrust, lbf 
Mixture Ratio 
I (vac) ,  lbf-sec lbm 

Total Impulse, lbf-sec 
Minimum Impulse Bi t ,  lbf-sec 
Propellant T a n k  Pressure, ps a 
Chamber Pressureg psia 
T a n k  Geometry 

No. of Propellant Tanks 
T a n k  Material 
Pressurant 
Propulsion Envelope, f t 3  
Spacecraft Mass 1 bm 

m 

1 bm 

SP / 

270/810 

9.92 
110 

4 
6 
1000 
3.0 
385 

4O0,OOO 
400 
1350 
100 

2 or 4 

198 
7500 

MISS1 

A2 

MMH/  N20 4 

500-580 
500 

54.8/ 90.5 

562/872 

11.25 
*lo 
4 
6 
300 
1.55 
290 

400,000 
400 

%350 
100 

IN 

B 

75/25-N,H+/N,HSN03 

475-575 
500 
69.8 

135 

3.86 
~ 5 0  
4 
9 
25 

255 

33,000 
1 .oo 

b350 
100 

Spherical o r  Cy1 i n d r i  cal 
with Hemispherical Ends 

2 or 4 1 
Metal or Composite 
Helium or N 
198 
7500 

trogen 
22 
1124 
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C. STUDY GUIDELINES 

The g u i d e l i n e s  e s t a b l i s h e d  f o r  t h e  s tudy  of t h e  p r o p e l l a n t  
a c q u i s i t i o n ,  p r e s s u r i z a t i o n ,  and tankage subsystems are o u t l i n e d  
i n  t h i s  s e c t i o n .  

1. Propellant Acquisition Subsystem 

The fol lowing c l a s s i f i c a t i o n s  of a c q u i s i t i o n  methods w e r e  
considered: s u r f a c e  t e n s i o n  dev ices ,  polymeric and m e t a l l i c  blad- 
d e r s ,  meta l l ic  diaphragms and bel lows,  d i e l e c t r o p h o r e s i s ,  main 
engine s t a r t  t anks ,  and a u x i l i a r y  p r o p e l l a n t  s e t t l i n g  rocke t s .  
Techniques a l r eady  developed o r  under development were eva lua ted .  
A r e l a t i v e l y  s m a l l  experimental  t a s k  w a s  conducted t o  e v a l u a t e  
t h e  f e a s i b i l i t y  of t h e  c a p i l l a r y / b e l l o w s  device conceived under 
Con t rac t  NAS9-8939. These experimental  r e s u l t s  are p resen ted  
s e p a r a t e l y  i n  t h e  Appendix. Background information,  design cri- 
te r ia  and o p e r a t i o n a l  c h a r a c t e r i s t i c s  were e s t a b l i s h e d  f o r  each 
method.. Conceptual designs i n  the  form of s i m p l i f i e d  schematics  
were t o  be made s o  t h a t  each method could be eva lua ted  and compared 
f o r  a p p l i c a t i o n  t o  each of t h e  b a s e l i n e  missions cons ide r ing  reli-  
a b i l i t y ,  mass, performance r e p e a t a b i l i t y ,  performance t e s t a b i l i t y ,  
s t a t e  of development, and c o m p a t i b i l i t y  w i t h  a d j a c e n t  components 
and p r o p e l l a n t s .  

- -. 

The mass a t t r i b u t e d  t o  each p r o p e l l a n t  a c q u i s i t i o n  dev ice  i n -  
cluded t h e  dry weight of t h e  device p l u s  any a d d i t i o n a l  system 
mass r e s u l t i n g  from t h e  use of t h a t  device.  One of t h e  i t e m s  i n -  
cluded i n  t h e  l a t t e r  w a s  r e s i d u a l  p r o p e l l a n t  (outage) r e s u l t i n g  
from expuls ion i n e f f i c i e n c y  which would have t o  be added t o  t h e  
b a s e l i n e  loaded p r o p e l l a n t .  However, t he  tanks were n o t  r e s i z e d  
f o r  each a c q u i s i t i o n  device and t h e  s m a l l  i n c r e a s e s  i n  tank s i z e  
and m a s s ,  which would have r e s u l t e d  from r e s i z i n g ,  were neg lec t ed  
i n  t h e  comparative e v a l u a t i o n  of cand ida te  concepts.  A s  d i scussed  
i n  Chapter V I ,  no i n c r e a s e  i n  tank s i z e  o r  loaded p r o p e l l a n t  quan- 
t i t y  i s  r equ i r ed  w i t h  t h e  p r o p e l l a n t  a c q u i s i t i o n  system s e l e c t e d  
f o r  each mission. 

I n t e r a c t i o n s  between t h e  p r o p e l l a n t  a c q u i s i t i o n  subsystem and 
the p r e s s u r i z a t i o n  and p r o p e l l a n t  tank subsystems were included.  
The i n t e n t  f o r  t h i s  f i r s t  phase of t h e  program w a s  t o  s e l e c t  t h e  
b e s t  p r o p e l l a n t  a c q u i s i t i o n  concept f o r  each mission -- no t  t o  
provide an optimum design.  
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An eva lua t ion  of t h e  i n f l u e n c e  of p o s s i b l e  changes i n  c e r t a i n  
mission c o n s t r a i n t s  and p ropu l s ion  system c h a r a c t e r i s t i c s  on t h e  
s e l e c t i o n  of p r o p e l l a n t  a c q u i s i t i o n  concepts w a s  conducted, The 
fol lowing cons ide ra t ions  and changes were included i n  the  assess- 

Use of n e a t  hydrazine i n  p l a c e  of monomethylhydrazine 
f o r  Mission A, and i n  p l a c e  of 75/25 - N ~ H ~ / N ~ H s N O ~  
f o r  Mission B; 

I n c r e a s e  i n  t o t a l  impulse from 400,000 l b  -sec t o  

1,000,000 lb f - sec  f o r  Missions A1 and A 2 ;  

Decrease i n  minimum impulse b i t  from 400 l b  -sec t o  

125 lb f - sec  f o r  Mission A I  and A 2 ;  

U s e  of onboard accelerometers  i n  p l a c e  of prepro- 
grammed t i m e  burns;  

Series ve r sus  p a r a l l e l  arrangement of t h e  p r o p e l l a n t  
tanks ; 

P r o p e l l a n t  tank loading c o n s t r a i n t s  ; 

Impact of s p a c e c r a f t  s t e r i l i z a t i o n .  

f 

f 

2.  Pressurization Subsystem 

Based on the p re l imina ry  i n f  onnat ion a v a i l a b l e  on t h e  pro- 
p u l s i o n  system, t h e  p r e f e r r e d  p r e s s u r a n t  and s t o r a g e  and oper- 
a t i n g  cond i t ions  w e r e  determined f o r  t h e  t h r e e  r e fe rence  missions 
i n  terms of subsystem m a s s ,  r e l i a b i l i t y ,  c o s t  and schedule  t i m e .  
I n t e r a c t i o n s  wi th  t h e  p r o p e l l a n t  a c q u i s i t i o n  and p r o p e l l a n t  tank 
subsystems were a l s o  eva lua ted .  

P r e s s u r i z a t i o n  subsystem m a s s  w a s  de f ined  as t h e  sum of the  
p r e s s u r a n t  mass (used and r e s i d u a l ) ,  p r e s s u r a n t  s t o r a g e  v e s s e l  
mass, and mass of p r o p e l l a n t  vaporized.  Isothermal  tank w a l l s  
and environment were assumed f o r  t he  coas t  pe r iods  on Missions 
A, and B. 
p r o p e l l a n t  tank boundaries  were considered a d i a b a t i c  a For Mission 
A I ,  an environmental  temperature varying l i n e a r l y  w i t h  t i m e  from 
282"R i n  Ea r th  o r b i t  t o  258"R i n  Mars o r b i t  w a s  employed. Other 
s impl i fy ing  assumptions,  p re sen ted  i n  Chapter I V ,  were a l s o  em- 
ployed. 

During engine burn p e r i o d s ,  t he  p r e s s u r a n t  s t o r a g e  and 
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A s p h e r i c a l  p r e s s u r a n t  s t o r a g e  vessel cons t ruc t ed  of 6AR-4V 
t i t an ium,  w i t h  a s a f e t y  f a c t o r  of 2 . 2  based upon an u l t i m a t e  
s t r e n g t h  of 165,000 1 b f / i n e 2 ,  was considered i n  t h e  ana lyses  f o r  

Missions A I  and A2.  A f a c t o r  of 1-1 on tank mass w a s  t o  be used 
t o  account f o r  a t tachments ,  p e n e t r a t i o n s ,  and welds.  The propel- 
l a n t  temperature range w a s  210 t o  280"R f o r  Mission A I ,  515 t o  
535"R f o r  Mission A 2 ,  and 475 t o  575"R f o r  Mission B. Other sys- 
t e m  cond i t ions  used f o r  t h e  ana lyses  were: 

1) 

2 )  

3) P r o p e l l a n t  tank p r e s s u r a n t  i n l e t  temperatures  from 

An i n i t i a l  s t o r a g e  p r e s s u r e  range from 2,000 t o  4,000 
p s i a  f o r  Missions A I  and A,; 

A gas s t o r a g e  temperature range of 210 t o  530"R f o r  
Mission A , ,  and 500 t o  580'R for Mission A 2 ;  

210 t o  530"R f o r  Mission A I ,  and 515 t o  535"R f o r  
Mission Ail. 

3 .  Propellant Tank Subsystem 

The number of p r o p e l l a n t  t anks ,  tank s i z e  and geometry, and 
tank materials were determined cons ide r ing  mass, r e l i a b i l i t y ,  c o s t  
and schedule ,  and i n t e r a c t i o n s  w i t h  t h e  p r o p e l l a n t  a c q u i s i t i o n  
and p r e s s u r i z a t i o n  subsystems. Two ve r sus  f o u r  tanks (Missions 
A 1  and A2), s p h e r i c a l  ve r sus  c y l i n d r i c a l  geometry, and all-metal 
versus  composite c o n s t r u c t i o n  were eva lua ted .  P r o p e l l a n t  compati- 
b i l i t y ,  tank mass, and f a b r i c a t i o n  were considered i n  s e l e c t i n g  
materials f o r  both t h e  p r o p e l l a n t  tanks and the  a c q u i s i t i o n  dev ices .  
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111. CANDIDATE PROPELLANT ACOUISITION CONCEPTS 

111-1 

A l l  t h e  p r o p e l l a n t  a c q u i s i t i o n  concepts  considered i n  t h i s  in -  
v e s t i g a t i o n  are d iscussed  i n  t h i s  chapter .  The p h y s i c a l  and oper- 
a t i o n a l  c h a r a c t e r i s t i c s  of each device are d iscussed  and an ap- 
p r a i s a l  of r e l i a b i l i t y ,  mass, s c a l a b i l i t y  and p r o d u c i b i l i t y ,  com- 
p a t i b i l i t y ,  and t e s t a b i l i t y  i s  presented  f o r  each concept.  

A. DIELECTROPHORETIC SYSTEMS 

1 Sys tern Descri p t i  on and Operati on 

D ie l ec t rophore t i c  f o r c e s  can be  used t o  o r i e n t  some p r o p e l l a n t s  
i n  a low-g environment. The e l ec t r i ca l  conduc t iv i ty  of t h e  propel-  
l a n t  must be  low, however, t o  make t h i s  approach a t t rac t ive .  The 
p o l a r i z a t i o n  f o r c e  may be  used i n  t h e  des ign  of d i e l e c t r o p h o r e t i c  
p r o p e l l a n t  a c q u i s i t i o n  devices  (Ref. 111-1): 

F = % ( I ~ v E )  [ 111-1 J 
P 

where F i s  t h e  p o l a r i z a t i o n  f o r c e ,  I i s  t h e  f i e l d  i n t e n s i t y ,  and 
P 

BE i s  t h e  p e r m i t t i v i t y  g r a d i e n t .  I n  a homogeneous f l u i d ,  t h e  
p e r m i t t i v i t y ,  E ,  i s  cons t an t  and the  g r a d i e n t  is  zero ,  making t h e  
n e t  p o l a r i z a t i o n  f o r c e  zero  as w e l l .  Fo r tuna te ly ,  t he  p e r m i t t i v i t y  
g r a d i e n t  i s  l a r g e  ac ross  the  l iquid-vapor  i n t e r f a c e  of a d i e l e c t r i c  
l i q u i d .  This  provides  an e l ec t r i c  f o r c e  i n  a f i e l d  of cons t an t  
i n t e n s i t y  t h a t  acts t o  o r i e n t  t h e  f l u i d .  The p e r m i t t i v i t y  g r a d i e n t  
becomes a s tepped  func t ion  a c r o s s  the  i n t e r f a c e ,  V E  = - E ) >  

g 
where c R  and E are t h e  p e r m i t t i v i t i e s  f o r  l i q u i d  and gas ,  re- 

g 
s p e c t i v e l y .  The f o r c e  a c t i n g  a t  t h e  i n t e r f a c e  can be  presented  i n  
t e r m s  of a p r e s s u r e  rise ac ross  t h e  i n t e r f a c e  which, i n  t u r n ,  can 
b e  presented  i n  terms of the l i q u i d  and vapor d e n s i t i e s ,  The re- 
s u l t i n g  b a s i c  equa t ion  f o r  p a r a l l e l  p l a t e  e l e c t r o d e s  i s :  

( P R  - P g ) a  = -% ( E R - Ep) [ 111-21 

where p and p are l i q u i d  and gas  d e n s i t i e s ,  r e s p e c t i v e l y ,  and 

a i s  the  adverse  a c c e l e r a t i o n  
R g 
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The use of p a r a l l e l  p l a t e  elec- 
t rodes  i n  a p r o p e l l a n t  tank under 
low adverse a c c e l e r a t i o n  environ- 
ments i s  u n a t t r a c t i v e  as the  l i q u i d  
w i l l  tend t o  se t t le  forward, away 
from the  o u t l e t ,  when a l l  of t h e  
p r o p e l l a n t  i s  contained between 
the  p l a t e s .  A f i e l d  i n t e n s i t y  
g r a d i e n t  tending t o  hold the pro- 
p e l l a n t  over t h e  tank o u t l e t  i s  
r e q u i r e d  under these cond i t ions .  
This g r a d i e n t  can b e  achieved by 
dec reas ing  t h e  e l e c t r o d e  gap i n  the  
d i r e c t i o n  of t h e  tank o u t l e t .  A 
conceptual  i n s  t a l l a t i o n  of t h e  
s c r e e n  e l e c t r o d e  g r i d s  i n  a fanned 
a r r a y  w i t h  t h e  apex a t  the tank 

SCREEN GRID (TYP)  XI 
Figure 111-1 Dielectrophoretic System (Fig. IIIL1) is an example 

t h a t  achieves the d e s i r a b l e  
f i e l d  g r a d i e n t .  The f i e l d  g r a d i e n t  w i t h i n  the  d ive rg ing  p l a t e s  i s :  

I = E/wd 1111-31 

where E i s  the  v o l t a g e  a c r o s s  t h e  p l a t e s  and wd i s  the g r i d  spac ing ,  
w being t h e  ang le  of divergence and d the  d i s t a n c e  from t h e  apex 
of t h e  ang le  t o  the  l iquid-vapor  i n t e r f a c e .  

Equation 1111-2) can then b e  p re sen ted  i n  t e r m s  of t h e  
impressed v o l t a g e  and g r i d  spacing:  

1111-41 

The f e a s i b i l i t y  of u s ing  d i e l e c t r o p h o r e s i s  i s  dependent upon 
the e l e c t r i c a l  p r o p e r t i e s  of t h e  p r o p e l l a n t s  e The p r o p e l l a n t s ,  
L,tonomethylhydrazine and n i t r a t e d  hydrazine,  are n o t  good 
d i e l e c t r i c s  because of t h e i r  h igh  e lectr ical  c o n d u c t i v i t i e s  (on 
the o r d e r  of mho/cm). 
r e n t  f lowing through t h e  p r o p e l l a n t ,  making the  power requirements 
excess ive .  

There would be too  much e lec t r ica l  cur- 
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The d i e l e c t r i c  c o n s t a n t  i s  ano the r  e l ec t r i ca l  p rope r ty  t h a t  
;t b e  considered.  This i s  the  r a t i o  of t h e  p e r m i t t i v i t y  of t he  
lu id  t o  the  p e r m i t t i v i t y  of a vacuum: 

R E 

E 
K = -  - 

0 

1111-51 

? p e r m i t t i v i t y  of t h e  u l l a g e  gas  should b e  ve ry  c l o s e  t o  t h a t  
a vacuum, so  Equation CIII-41 can be w r i t t e n  i n  t e r m s  of t he  

:lectric c o n s t a n t :  . 

[III-61 

2 l a r g e r  t h e  d i e l e c t r i c  c o n s t a n t  f o r  a p r o p e l l a n t ,  the b e t t e r  
2lectric i t  makes and, based on Equation [TII-61, the smaller 
2 r e q u i r e d  v o l t a g e .  

From t h e s e  c o n s i d e r a t i o n s  a l o n e ,  bo th  p r o p e l l a n t s  f o r  Mission 
D i e l e c t r o p h o r e s i s  i s  n o t  at-  

a c t i v e  f o r  e i t h e r  Miss ions  A2 o r  B .  Based on information from 
Lied Chemical Company, \OF2 has  an e l ec t r i ca l  conduc t iv i ty  of 
: 10-1 mho/cm and a d i e l e c t r i c  cons t an t  of 2 . 3 .  
3 a d i e l e c t r i c  c o n s t a n t  of 2 .0 ,  b u t  i t s  e lec t r ica l  conduc t iv i ty  
n o t  a v a i l a b l e .  Ca l l e ry  Chemical b e l i e v e s  t h a t  t h e  conduc t iv i ty  
B2H6 i s  less than  t h a t  of OF2, based on molecular s t r u c t u r e s .  

have good d i e l e c t r i c  p r o p e r t i e s .  

Diborane (B2H6) - 

The v o l t a g e  t h a t  can b e  c a l c u l a t e d  from Equation [111-61 i s  t h e  
iimum v o l t a g e  r equ i r ed  t o  r e t a i n  t h e  prope-liant under t h e  adverse 
: e l e r a t i o n .  I f  t h i s  v o l t a g e  i s  a p p l i e d  as a d i r e c t  c u r r e n t ,  
r f ace  i n s t a b i l i t i e s  w i l l  occur;  i f  i t  i s  a p p l i e d  a t  a h igh  f r e -  
:ncy, t h e  power requirement becomes l a r g e r  and another  form of 
s t a b i l i t y  occurs .  Therefore ,  t h e  v o l t a g e  must be a p p l i e d  i n  t h e  
rm of a squa re  wave w i t h  a frequency on the  o rde r  of 0 . 1  cps. 
Zause t h e  v o l t a g e  i s  squared as i t  appears  i n , E q u a t i o n  1111-61 
:ention of t h e  f l u i d  i s  n o t  a f f e c t e d  i f  t h e  waveform of t h e  ap- 
Led v o l t a g e  i s  a squa re  wave. 

-_ ~ - - ~- 

A t y p i c a l  d i e l e c t r o p h o r e t i c  p r o p e l l a n t  r e t e n t i o n  sys t e m  con- 
S t s  of two major subsystems, the power supply and t h e  s c r e e n  g r i d  
;embly i n c l u d i n g  t h e  e lectr ical  f e e d t h r u  assembly. The power 
)p ly  conve r t s  28 v o l t s  d i r e c t  c u r r e n t  from t h e  s p a c e c r a f t  power 
s t e m ,  i n t o  a high-vol tage,  low-frequency squa re  wave. The s i z e  

__ ~~ ~ 
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and weight  of t he  power supply depends upon t h e  v o l t a g e  r e q u i r e d  
and t h e  amount of power t h a t  w i l l  b e  consumed, 
t e m  pos i t i oned  i n  t h e  p r o p e l l a n t  tank i n  a fanned a r r a y ,  tapered 
toward t h e  tank o u t l e t ,  forms t h e  d e s i r e d  capac i t ance  p l a t e s  re- 
qu i r ed  t o  o r i e n t  t h e  p r o p e l l a n t  (Figure 111-1). The coarse-mesh, 
s c reen  g r i d  assembly uses  i n s u l a t o r  suppor t s  a t t a c h e d  t o  b r a c k e t s  
welded t o  the  tank w a l l .  Tubular r i m s  suppor t ing  t h e  s c r e e n  g r i d s  
are anchored t o  t h e  i n s u l a t o r  suppor t s  on t h e  w a l l ,  and proper  
spacing between g r i d s  i s  provided by i n s u l a t o r  r o d s ,  

A s c r e e n  g r i d  sys- 

The concept shown i n  F igu re  111-1 w a s  eva lua ted  f o r  a p p l i c a t i o n  
t o  Mission A l a  
t h e  d i e l e c t r o p h o r e t i c  system can b e  ope ra t ed  i n  two d i f f e r e n t  
modes. P r i o r  t o  the  f i r s t  t h r e e  bu rns ,  t h e r e  i s  a l a r g e  volume 
of p r o p e l l a n t .  I f  t h e  g r i d  h e i g h t  i s  approximately 16 inches ,  
t h e r e  w i l l  always b e  some l i q u i d  between t h e  e l e c t r o d e s  r e g a r d l e s s  
of t he  l o c a t i o n  of t h e  i n t e r f a c e .  Therefore ,  t h e  sequence of oper- 
a t i o n  would be: 

I n  o rde r  t o  minimize the  amount of powqr consumed, 

1) P r i o r  t o  t h e  f i r s t  midcourse c o r r e c t i o n ,  power i s  ap- 
p l i e d  t o  the  g r i d s .  The induced f o r c e s  w i l l  a c t  t o  
s e t t l e  the  p r o p e l l a n t  i n t o  the  g r i d s .  A f t e r  a l lowing 
s u f f i c i e n t  t i m e  t o  se t t le  the  p r o p e l l a n t ,  t h e  main 
engine is s t a r t e d  and t h e  d i e l e c t r o p h o r e t i c  s y s  t e m  
is  turned o f f ;  

2) The second midcourse c o r r e c t i o n  is  accomplished i n  
t h e  same manner; 

3 )  P r i o r  t o  t h e  i n s e r t i o n  burn,  t h e  p r o p e l l a n t  i s  a g a i n  
s e t t l e d  w i t h  t h e  d i e l e c t r o p h o r e t i c  system, b u t  t h e  
power i s  l e f t  on a f t e r  t h e  burn i s  complete. From 
t h i s  p o i n t  t o  t h e  end of t he  mission,  t he  amount of 
p r o p e l l a n t  remaining i n  t h e  tank i s  too s m a l l  t o  b e  
r e l i a b l y  acqu i r ed  and s e t t l e d  by any r easonab le  g r i d  
conf igu ra t io2 .  The fanned a r r a y  w i l l  keep t h e  pro- 
p e l l a n t  o r i e n t e d  i f  t h e  power i s  l e f t  on; 

4 )  The o r b i t a l  t r i m  burns are accomplished; 

5) The system i s  turned o f f .  

Using Equation [111-61, t h e  v o l t a g e  r e q u i r e d  f o r  t h i s  system i s  
The amount of power r e q u i r e d  from t h e  s p a c e c r a f t  power 

. _.____ ___- 
3000 v o l t s .  
system depends upon a number of f a c t o r s ,  such as the:  

1 )  

2) 

3 )  

4) 

T o t a l  e lectr ical  r e s i s t a n c e  of t h e  f l u i d ;  

Number of g r i d s  i n  t h e  a r r a y ;  

T o t a l  capac i t ance  of t h e  system; 

Frequency of t h e  app l i ed  power; 
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5) Applied v o l t a g e ;  

6)  S i z e  of t h e  charging r e s i s t o r .  (This r e s i s t o r  i s  
- 

added i n  series wi th  t h e  power supply ou tpu t  i n  o rde r  
t o  l i m i t  t he  c a p a c i t o r  charging c u r r e n t ) ;  

7) Power supply e f f i c i e n c y  . 
The d e t a i l e d  des ign  of t h i s  system would r e q u i r e  a complex evalua- 
t i o n  of t he  e f f e c t s  of a l l  the above f a c t o r s  on the  r equ i r ed  power 
and t h e  system performance. I t  i s  es t ima ted  t h a t  t h e  power re- 
quirement f o r  t h i s  system w i l l  b e  on t h e  o r d e r  of 4 w a t t s ,  which 
i s  cons i s  t e n t  w i t h  power requirements quoted f o r  s imilar  s y s  t e m s  
i n  Reference 111-1. 

The p o t e n t i a l  i n c r e a s e  i n  p r o p e l l a n t  decomposition, caused by 
t h e  imposed v o l t a g e ,  must b e  considered i n  designing a d i e l e c t r o -  
p h o r e t i c  system. For Mission A I ,  t h i s  e f f e c t  is minor; t h e  quan- 
t i t ies  of OF2 and B2Hg decom osed w e r e  e s t ima ted  t o  be about 
3.5 x lbm and 1 .8  x lb,, r e s p e c t i v e l y .  Materials i n  t h e  

s c r e e n  g r i d  assembly can b e  s e l e c t e d  t o  b e  compatible wi th  t h e s e  
p r o p e l l a n t s  w i th  t h e  excep t ion  of materials f o r  e l e c t r i c a l  i n -  
s u l a t o r s .  More development 1s needed i n  t h i s  area, e s p e c i a l l y  f o r  
OF2. 
ceramics) appear t o  be good cand ida te s  f o r  BzHg, b u t  they are 
ques t ionab le  i n  OF2. 

Nonmetallic i n s u l a t o r s  such as Teflon and Kel-F (and p o s s i b l y  

2.  System Evaluation 

a. R e l i a b i l i t y  - The d i e l e c t r o p h o r e t i c  system is  an active 
system c o n s i s t i n g  of many components. Major subassemblies are t h e  
s c r e e n  g r i d s  and suppor t ing  electrical i n s u l a t o r s ,  t h e  e lec t r ica l  
f e e d t h r u s  and w i r i n g ,  a power supply,  and a d i e l e c t r o p h o r e t i c  
sequencer,  The p r o b a b i l i t y  of f a i l u r e  of t h e  g r i d s ,  i n s u l a t o r s ,  
f e e d t h r u s ,  o r  w i r ing  i s  low and t h e s e  f a i l u r e s  were r u l e d  o u t  as 
u n l i k e l y  

Two c a t a s t r o p h i c  f a i l u r e  modes considered p o s s i b l e  are 

1 )  

2)  

F a i l u r e  of t h e  p o r t i o n  of t h e  s p a c e c r a f t  sequence sys- 
t e m  t h a t  o p e r a t e s  t h e  d i e l e c t r o p h o r e t i c  system; 

F a i l u r e  of t h e  power supply.  

Each of t h e  c a t a s t r o p h i c  type  f a i l u r e s  could a l s o  occur  t o  lesser 
degrees .  
of t h e  p r o p e l l a n t  would be accomplished i n  a degraded manner. 
Therefore ,  t hey  are a l s o  considered t o  be anomalous f a i l u r e  modes. 

Gas i n g e s t i o n  i n t o  t h e  engine would occur  and a c q u i s i t i o n  
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be Mass - - The p r i n c i p a l  c o n t r i b u t o r  t o  weight of t h e  d i e l e c -  
t r o p h o r e t f c  system i s  t h e  power supply f o r  u n i t s  of t h e  s i z e  under 
cons ide ra t ion .  The screen g r i d  system forms only a small f r a c t i o n  
of t h e  t o t a l  system weight .  Due t o  t h e  manner i n  which t h i s  sys- 
t e m  i s  t o  b e  ope ra t ed  during t h e  mission,  t h e  power consumption 
w i l l  be  m a x i m u m  during t h e  Mars o r S i t  because t h e  power supply 
must be ope ra t ed  cont inuously,  P w e r  requirements become c r i t i c a l  
a t  t h i s  p o i n t  because t h e  s o l a r  pane l  e f f i c i e n c y  i s  decreased. 
Therefore ,  some i n c r e a s e  i n  t h e  c a p a c i t y  of t h e  s p a c e c r a f t  power 
system w i l l  be  r e q u i r e d  by a d i e l e c t r o p h o r e t i c  system. The mass 
e s t ima ted  f o r  a 4-wat t , \3000-vol t  -~ system - -  is  p resen ted  i n  Table 
111-1, 

~- _ ~ _ ~  

Table 111-1 Dielectrophoretic 
System Mass f o r  
Mission A I  

Power Supply 

Electrodes 

Vaporized 

Additional 

feedth rus 

Propel 1 ant  

ba t t e r i e s  
and s o l a r  
panels 

Total system I mass 

TW 0- TAN K 
SYSTEM* 
11 lbm 

4 

8 

15 

F OU R-TAN K 
SYSTEM* 
12  lbm 

5 

8 

15 

38 lb, 40 lbm I 
I *Spherical or c c i n d r i c a l  ._ geometry. 

c ,  Design S c a l a b i l i t y  and P r o d u c i b i l i t v .  
_ _ _  -- 

1)  Design S c a l a b i l i t y  - The system can be  s c a l e d  over  --- 
the  range of i n t e r e s t ,  b u t  r edes ign  i s  requ i r ed ,  A s  prev ious ly  
s t a t e d ,  t h e  power supply i s  t h e  h e a v i e s t  subsystem i n  t h i s  type 
of r e t e n t i o n  device.  S c a l i n g  w i l l  i nvo lve  mod i f i ca t ion  of t h e  
power package s i z e  i n  the  i n t e r e s t  of weight op t imiza t ion .  
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2 )  
done wi th  p ro to type  systems b u t  no f l i g h t  systems have been b u i l t  
t o ' d a t e .  Add i t iona l  work on t h e  power systems and e l e c t r i c a l  high 
t e n s i o n  f e e d t h r u  techniques i s  r equ i r ed .  F a b r i c a t i o n  techniques 
are a v a i l a b l e .  

Manufac tu rab i l i t y  - Much experimental  work has been 

3 )  Subscale T e s t  S c a l a b i l i t y  - Complete geometric test  
s c a l i n g  i s  p o s s i b l e  through t h e  use of nonmiscible f l u i d s  having 
a t t r a c t i v e  d i e l e c t r i c  c o n s t a n t s ,  For example, t h e  performance of 
such a system w a s  i n v e s t i g a t e d  by Dynatech using corn o i l  and s i l i -  
cone o i l  a t  1 g (Ref 111-1). Subscale drop tower and a i r c r a f t  
tests are a l s o  p o s s i b l e .  

d. Compatibi l i ty  w i th  Adjacent Components and P r o p e l l a n t s  

1) P r o p e l l a n t / M a t e r i a l  Compa t ib i l i t y  - An aluminum sc reen  
g r i d  assembly, compatible w i t h  t h e  Mission A1 p r o p e l l a n t s ,  can be 
used. A s  prev ious ly  s t a t e d ,  t h e  material s e l e c t i o n  f o r  e l e c t r i c a l  
i n s u l a t i o n  of t h e  high t e n s i o n  f e e d t h r u  and f o r  t he  sc reen  g r i d  
i n s u l a t o r s  could be a problem. 

2) P r e s s u r i z a t i o n  System Compa t ib i l i t y  - The p r o p e l l a n t  
i s  i n  c o n t a c t  w i th  t h e  p r e s s u r a n t  and i s  s u b j e c t  t o  gas d i s so lu -  
t i o n  and v a p o r i z a t i o n .  P r e s s u r a n t  i n l e t  temperature  w i l l  n o t  ap- 
p r e c i a b l y  a f f e c t  performance except f o r  t h e  secondary e f f e c t s  of 
p r o p e l l a n t / p r e s s u r a n t  c o n t a c t .  

3 )  Tankage C o n p a t i b i l i t y  - This dev ice  can be used i n  any 
of t h e  tanks considered i n  t h e  e v a l u a t i o n  without  tank shape re- 
s t r i c t i o n .  

4 )  Performance - The system i s  compatible wi th  t h e  Mission 
A1 environment and engine duty cyc le .  I f  t h e  number o r  d u r a t i o n  
of t h e  o r b i t a l  t r i m  burns w a s  changed, t h e  same device would func- 
t i o n  p rope r ly  and t h e  power and v o l t a g e  requirements  would remain 
cons t an t .  This  r e s u l t s  from t h e  continuous a p p l i c a t i o n  of power 
a f t e r  o r b i t a l  i n s e r t i o n  as mentioned p rev ious ly .  V a r i a t i o n s  i n  
a c c e l e r a t i o n  l e v e l  i n  t h e  n e g a t i v e  d i r e c t i o n  a f f e c t  t h e  power 
supply requirement;  i nc reased  v o l t a g e  and power and a h e a v i e r  power 
supply i s  r e q u i r e d  t o  r e t a i n  p r o p e l l a n t  under h i g h e r  nega t ive  ac- 
c e l e r a t i o n s .  

- ~ ~ ~ _ _ ~  
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e. Performance Testability 

1) Verification of Operational Readiness - The operation 
of the power supply and its ability to apply the required poten- 
tial to the grids can be verified. Settling and retention of the 
propellant, however, can only be demonstrated in a separate test 
program. 

2) Development Status - Additional development is re- 
quired on this type of device. 
attempting to reduce power supply weight, but a flightweight power 
supply is still not available for systems of the size considered 
heres 

Substantial work has been done in 
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B .  POLYMERIC BLADDERS AND DIAPHRAGMS 

1. System Description and Operation 

Polymeric b l adde r s  and diaphragms are s imple,  e f f e c t i v e ,  a c t i v e  
devices  t h a t  u t i l i z e  an e l a s t o p l a s t i c  material t o  s e p a r a t e  t h e  
l i q u i d  and gas volumes i n  the  tank and provide p o s i t i v e  expu l s ion  
of t h e  l i q u i d .  Bladders are enclosed membranes o r  bags a t t a c h e d  
t o  t h e  tank a t  t h e  s u c t i o n  l i n e .  They f u n c t i o n  as a c o n t a c t  sys- 
t e m  where t h e  d r i v i n g  mechanism i s  sepa ra t ed  from t h e  p r o p e l l a n t .  
Diaphragms are morphologically s imilar  t o  b l adde r s  , b u t  t he  dia-  
phragm is  an open membrane t h a t  conforms wi th  t h e  tank wall and 
u s u a l l y  a t t a c h e s  n e a r  t h e  tank equa to r .  Bladders and diaphragms 
can b e  f a b r i c a t e d  from metall ic and/or nonmeta l l i c  materials and 
can be ac tua ted  mechanical ly ,  h y d r a u l i c a l l y ,  o r  pneumatical ly .  
The p r i n c i p a l  nonmeta l l i c  and combination c o n s t r u c t i o n s ,  polymeric 
and polymeric/metal  materials, are t h e  s u b j e c t  of t h i s  s e c t i o n .  
The d i scuss ion  is  o r i e n t e d  toward t h e  gas p r e s s u r i z e d  sys  t e m s  
( r egu la t ed  and blowdown) i n  ex tens ive  use a t  t h i s  t i m e .  The i n -  
formation p resen ted  has  been e x t r a c t e d  from t h e  program expe r i -  
ence l i s t e d  i n  Table 111-2 and from References 111-2 t h r u  111-59. 

a.  Bladders - Polymeric b l adde r  dev ices  have been designed 
f o r  l i q u i d  expu l s ion  through c o l l a p s i n g ,  expanding, t w i s t i n g ,  and 
squeezing a c t i o n s .  Bladder systems employing d i r e c t - a c t i n g  mecha- 
nisms f o r  t w i s t i n g  o r  squeezing are c h a r a c t e r i z e d  by h ighe r  energy 
requirements ,  h igh  weight,  a d d i t i o n a l  f a i l u r e  modes ~- a t t r i b u t a b l e  
t o  t h e  a c t u a t i o n  mechanism, and poor e x p u l s i o n - e f f i c i e n c y  (Ref 
111-23). General ly ,  t h e  vo lumet r i c  e f f i c i e n c y  of a b l adde r  sys- 
t e m  t h a t  o p e r a t e s  w i th  a d i r e c t - a c t i n g  mechanism i s  also s e v e r e l y  
degraded. Consequently, pneumatical ly  a c t u a t e d  co l l aps ing  b l adde r s  
and expanding b l adde r s  have r ece ived  most a t t e n t i o n .  

Unbonded and independent multi-ply b l adde r s  have demon- 
s t r a t e d  inc reased  expuls ion cyc le  l i f e  a t  deep cryogenic tempera- 
t u r e s  (Ref 111-2). However, i n t e r - p l y  i n f l a t i o n ,  which r e s u l t s  
from p inho l ing  i n  t h e  polymeric f i l m ,  can s e r i o u s l y  l i m i t  t h e  
expuls ion e f f i c i e n c y .  An expanding b l adde r  (expuls ion produced 
by p r e s s u r i z i n g  t h e  i n s i d e  of t h e  bag) c o n t r o l s  t he  i n t e r - p l y  i n -  
f l a t i o n  and circumvents t h e  t e rmina l  c o l l a p s i n g  problem. The 
cryogenic b l adde r  materials, u s ing  about 10 p l i e s  of t h i n  poly- 
meric f i l m ,  p e n a l i z e  the  system weight and vo lumet r i c  e f f i c i e n c y ,  
bu t  such b l adde r  designs should produce expu l s ion  e f f i c i e n c y  
g r e a t e r  than 98% f o r  approximately 25 expu l s ion  cyc le s  (Ref 111-3 
and 111-4). 
q u i r e  t h i s  type of expanding b l adde r  system (Fig.  111-2). 

The cryogenic  p r o p e l l a n t s  f o r  Mission A1  would re- 
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\COLLECTOR PLATE AND 
BUBBLE SEPARATOR 

Figure 111-2 Expanding Polymeric Bladder System f o r  Mission AI 
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F i l l i n g  an expanding b l adde r  p r o p e l l a n t  tank can be most 
e f f i c i e n t l y  accomplished by vacuum load ing .  
s t andp ipe  and plumbing are evacuated t o  .obtain maximum compactness 
f o r  t h e  fo lded  b l adde r ,  followed by evacuat ion of t h e  t ank  t o  en- 
a b l e  p r o p e l l a n t  loading wi th  n e g l i g i b l e  gas  entrapment.  I f  t h e  
tank w i l l  n o t  support  t h e  compression stresses of a vacuum, a 
high-point overflow v e n t  can be provided s o  t h a t  t h e  tank can be 
f u l l y  loaded under i n t e r n a l  p r e s s u r e  wi thou t  t r app ing  a gas bubble.  

The p r e s s u r i z a t i o n  

The s t andp ipe  suppor t s  t h e  expanding b l adde r  and acts as 
a d i s t r i b u t i n g  d i f f u s e r  f o r  t h e  p r e s s u r i z a t i o n  gas .  The propel- 
l a n t  d r a i n  i s  s i t u a t e d  a t  t h e  base  of t h e  s t andp ipe  and the  over- 
f low d r a i n  p o r t  ( i f  necessary)  is l o c a t e d  a t  t h e  top .  

With a c o l l a p s i n g  b l a d d e r ,  l i q u i d  expuls ion is accomplished 
under t h e  p r e s s u r e  of a gas introduced i n t o  t h e  volume between t h e  
b l adde r  and t h e  tank w a l l .  A c o l l a p s i n g  b l adde r  i s  c u r r e n t l y  pre- 
f e r r e d  over  an expanding b l adde r  f o r  t h e  fol lowing reasons:  

1 )  I n t e r n a l  p r e s s u r i z a t i o n  (expanding b l adde r )  tends t o  
y i e l d  lower expuls ion e f f i c i e n c y  due t o  p r o p e l l a n t  
t h a t  becomes t rapped between t h e  b l adde r  and t h e  tank 
w a l l  ; 

i s  t i g h t l y  fo lded  and creased wh i l e  t h e  c o l l a p s i n g  
b l adde r  i s  f i l l e d  wi th  p r o p e l l a n t .  A f l e x u r a l  f a i l u r e  
is  more l i k e l y  t o  occur with a fo lded  b l adde r  i n  t h e  
v i b r a t i o n a l  environment during b o o s t e r  o p e r a t i o n ,  
t han  w i t h .  a loaded Collapsing b l adde r ;  

More a n a l y t i c a l  knowledge and o p e r a t i o n a l  experience 
is  a v a i l a b l e  f o r  e x t e r n a l l y  p r e s s u r i z e d  b l adde r s  a 

A s  a r e s u l t ,  t h e  development c o s t s  f o r  a c o l l a p s i n g  
polymeric b l adde r  device should be lower. 

2 )  A t  t h e  f u l l y  loaded cond i t ion ,  t h e  expanding b l adde r  

3) 

For Missions A2 and B ,  a pneumatically-actuated c o l l a p s i n g  b l adde r  
system (Fig.  111-3) w a s  s e l e c t e d  as t h e  p re fek red  des ign  f o r  t h e  
p o s i t i v e  expuls ion of e a r t h  s t o r a b l e  p r o p e l l a n t s  
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Vacuum f i l l i n g  i s  t h e  most d e s i r a b l e  technique f o r  l oad ing  
p r o p e l l a n t  i n t o  c o l l a p s i n g  polymeric b l a d d e r s ,  The gas s i d e  of 
t h e  b l adde r  i s  evacuated t o  p o s i t i o n  t h e  b l adde r  smoothly a g a i n s t  
t h e  tank w a l l .  A s  t h e  l i q u i d  s i d e  of t h e  b l adde r  is evacuated,  
t h e r e  i s  no c o l l a p s i n g  load t o  induce wr ink l ing  and f o l d i n g  w i t h  
t h e  a t t e n d a n t  h igh  stresses t h a t  u l t i m a t e l y  r e s u l t  i n  material 
f a i l u r e  e The p r o p e l l a n t  is  "hard loaded' '  ( t ank  completely f i l l e d )  
and then off- loaded t o  o b t a i n  t h e  d e s i r e d  u l l a g e  volume and t o  
expel  any gas i n  t h e  bubble t r a p .  I f  t h e  t ank  i s  incapable  of 
s u s t a i n i n g  t h e  compressive loads  under vacuum c o n d i t i o n s ,  t h e  
b l adde r  can be loaded a g a i n s t  u l l a g e  p r e s s u r e  i n  t h e  same way t h a t  
most polymeric diaphragm systems are f i l l e d ,  I n  c o n t r a s t  t o  t h e  
diaphragm, which undergoes a minimum of c o n t o r t i o n ,  t he  cycle  l i f e  
of a c o l l a p s i n g  b l adde r  w i l l  be  compromised as i t  i s  squashed 
a g a i n s t  t h e  s t andp ipe  due t o  t h e  vacuum on t h e  l i q u i d  s i d e  p r i o r  
t o  f i l l i n g .  

For  t h e  c o l l a p s i n g  b l adde r  t h e  s t andp ipe  provides  a d i s -  
t r i b u t e d  d r a i n  and, when p r e s s u r a n t  permeation i s  a problem, a 
gas phase s e p a r a t o r .  The s t andp ipe  can a c t  as a support  f o r  t h e  
b l adde r  which h e l p s  t o  r e g u l a t e  t h e  c o l l a p s i n g  p a t t e r n  during 
expuls ion and p reven t s  o u t l e t  blocking by t h e  b l adde r  a 

The gas b l eed  l i n e  i s  used t o  evacuate  t h e  l i q u i d  s i d e  of 
t h e  b l adde r  s o  t h a t  t h e  load ing  of s i n g l e  phase l i q u i d  p r o p e l l a n t  
is  p o s s i b l e .  
through t h e  gas b l eed  l i n e  i n  the  even t  of a ground a b o r t  s o  t h a t  
t h e  p r o p e l l a n t  can be d ra ined  wi thou t  c o l l a p s i n g  t h e  b l adde r .  

The l i q u i d  s i d e  of t h e  b l adde r  can b e  p r e s s u r i z e d  

To p reven t  h igh  pressure impingement on t h e  b l adde r ,  t h e  
p r e s s u r a n t  gas from e x t e r n a l  s t o r a g e  should e n t e r  t he  u l l a g e  
volume through a t h r o t t l i n g  device e 

b.  Diaphragms - Polymeric diaphragms normally accomplish ex- 
p u l s i o n  through a complete reversal o f  t h e  b a r r i e r  geometry, w i t h  
t r a n s l a t i o n  produced by gas p r e s s u r e  i n  t h e  u l l a g e  volume. A 
polymeric diaphragm undergoes less severe wr ink l ing  and f o l d i n g  
during expu l s ion  wi th  an a t t e n d a n t  i n c r e a s e  i n  c y c l e - l i f e  of two 
t o  f i v e  t i m e s  t h a t  of an e q u i v a l e n t  b l a d d e r ,  



MCR-70-171 111-15 

The diaphragm-to-tank at tachment  seal nea r  t h e  midplane 
of t h e  tank complicates tank assembly and r e p a i r  and may r e s u l t  
i n  an excess ive ly  heavy design.  Diaphragms f o r  tanks with i n -  
t e r n a l  blowdown p r e s s u r i z a t i o n  ( e . g . ,  Mission B) must withstand 
t h e  most severe v i b r a t i o n  and p r o p e l l a n t  s l o s h  environments 
(occur r ing  du r ing  launch) wi th  r e l a t i v e l y  l i t t l e  s u p p o r t ,  as 
shown i n  Figure I I I - 4 ( b ) .  I n  t h i s  s i t u a t i o n ,  t he  diaphragm can 
be e a s i l y  con to r t ed  by motion of t h e  bu lk  p r o p e l l a n t .  
material (diaphragm area t o  tank midplane area r a t i o )  i n c r e a s e s  
w i t h  tank length-to-diameter r a t i o .  A diaphragm c o n t r o l  r i n g  i s  
used f o r  p a r t i a l  support  i n  p a r t l y  loaded t anks .  S p h e r i c a l  t anks ,  
which have s m a l l  diaphragm area t o  midplane area r a t i o s ,  may n o t  
need diaphragm suppor t  hardware i f  t h e  polymeric material i s  su f -  
f i c i e n t l y  s t i f f ,  However, c o n t r o l  r i n g s  become n e c e s s i t i e s  as 
t h e  L/D increases f o r  c y l i n d r i c a l  t anks .  

The excess  

Design a l t e r n a t i v e s  have been proposed f o r  c o n t r o l l i n g  
Bathtub diaphragms c o n t o r t i o n s  i n  h igh  L / D  c y l i n d r i c a l  t anks .  

and roll-and-peel diaphragms l i m i t  wr ink l ing  and f o l d i n g  a t  p a r t i a l  
p r o p e l l a n t  l o a d  c o n d i t i a n s ,  and have the  added advantage of being 
capable  of undergoing a complete r e v e r s a l .  Bathtub ( t r a n s v e r s e )  
diaphragms are much h e a v i e r  than convent ional  diaphragms , and on ly  
become a t t rac t ive  f o r  an L/D where excess ive  c o n t r o l  r i n g  weights 
are incu r red .  Roll-and-peel diaphragms u t i l i z e  an adhesive be- 
tween t h e  polymeric material and the  tank w a l l  t o  c o n t r o l  diaphragm 
geometry a t  p a r t i a l  p r o p e l l a n t  l o a d .  P r o p e l l a n t  c o m p a t i b i l i t y  
w i t h  a p p l i c a b l e  adhesives  i s  d i f f i c u l t  t o  achieve,  making r o l l -  
and-peel systems u n a t t r a c t i v e  f o r  long exposure a p p l i c a t i o n s  e 

Conventional. polymeric diaphragm systems employing a d ia -  
phragm c o n t r o l  r i n g  t o  p reven t  excess ive  wr ink l ing  i n  both cy l in -  
d r i c a l  and s p h e r i c a l  t anks ,  w e r e  s e l e c t e d  as the  p r e f e r r e d  designs 
(Fig.  111-4)0 The diaphragm c o n t r o l  r i n g  s i z e  and conf igu ra t ion  
depend upon t h e  tank geometry and p r e s s u r i z a t i o n .  Where e x t e r n a l  
p r e s s u r a n t  s t o r a g e  permits  t he  use of a f u l l y  r eve r s ing  diaphragm, 
as on Missions A1 and A 2 ,  the  c o n t r o l  r i n g  i s  s m a l l .  An i n t e g r a l  
blowdown p r e s s u r i z a t i o n  system such as Mission B r e q u i r e s  a l a r g e r  
c o n t r o l  r i n g  t o  s t a b i l i z e  t h e  off-loaded diaphragm. The c o n t r o l  
r i n g  s i z e  i n c r e a s e s  as t h e  L/D of c y l i n d r i c a l  tankage wi th  blow- 
down p r e s s u r i z a t i o n  i s  i n c r e a s e d .  However, t h e  c o n t r o l  r i n g  on 
c y l i n d r i c a l  tanks wi th  e x t e r n a l  p r e s s u r a n t  s t o r a g e  is  cons t r a ined  
t o  s m a l l  s i z e s  t o  permit  f u l l y  r e v e r s i n g  diaphragm o p e r a t i o n .  
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Polymeric diaphragm systems f o r  e x t e r n a l l y  p r e s s u r i z e d  
tanks can be vacuum-loaded l i k e  b l adde r s  w i thou t  r e v e r s i n g  t h e  
diaphragm. The u l l a g e  i s  evacuated t o  seat t h e  diaphragm a g a i n s t  
t he  upper-half of t h e  tank. Then the  l i q u i d  s i d e  i s  evacuated and 
the  p r o p e l l a n t  is  loaded. 

Loading a g a i n s t  an u l l a g e  p r e s s u r e  is  an a l t e r n a t i v e  t o  
vacuum loading r eve r s ing  diaphragms and i s  t h e  usual  procedure f o r  
f i l l i n g  i n t e r n a l  blowdown tankage. The u l l a g e  p r e s s u r e  ho lds  the  
diaphragm i n  t h e  expe l l ed  p o s i t i o n ,  p rov id ing  i n t i m a t e  c o n t a c t  
between the  tank w a l l  and t h e  polymeric material s o  t h a t  t h e  po- 
t e n t i a l  bubble t rapped on t h e  l i q u i d  s i d e  i s  as s m a l l  as p o s s i b l e .  
Normally, a vacuum i s  app l i ed  t o  the  r e s i d u a l  l i q u i d  s i d e  volume 
b e f o r e  t h e  p r o p e l l a n t  i s  in t roduced .  The f i l l i n g  of i n t e r n a l  
blowdown tanks must be c a r r i e d  o u t  very c a r e f u l l y  s o  t h a t  no s i g -  
n i f i c a n t  p r e s s u r e  d i f f e r e n c e  occurs  a c r o s s  t h e  r e s t r a i n e d  diaphragm 
which might s t r a i n  o r  r u p t u r e  t h e  polymeric material. 

e .  Operat ional  C h a r a c t e r i s t i c s  - Polymeric bladders  and dia-  
phragms have the  fol lowing advantages: 

1) Recycle c a p a b i l i t y ;  

2 )  High expuls ion e f f i c i e n c y ;  

3) Low a c t u a t i o n  p r e s s u r e  d i f f e r e n t i a l ;  

4 )  
5)  A d a p t a b i l i t y  t o  va r ious  tank shapes ;  

6 )  High volumetr ic  e f f i c i e n c y ;  

7) Low system weight .  

Dynamical i n s e n s i t i v i t y  t o  p r e s s u r e  l e v e l ;  

Disadvantages inc lude  : 

1) 

2 )  Pe rmeab i l i t y  t o  p r o p e l l a n t  vapor;  

3) 

Pe rmeab i l i t y  t o  p r e s s u r a n t  gas ; 

Limited chemical and thermal c o m p a t i b f l i t y  

A summary of polymeric b l adde r  and diaphragm performance charac- 
t e r i s t i c s  i s  given i n  Table 111-3. 
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Table 111-3 Polymeric Bladder and Diaphragm Evaluation Summary 

DESIGN CHARACTERISTICS 

'erformance charac te r i s t ics  
Expulsion eff ic iency,  % 
Scal abi 1 i ty 
Cycle l i f e ,  cycles t o  fa i lure* 
Re1 i abi 1 i ty 

-an k geometry 

Volumetric eff ic iency , %f' 

Maximum practical  s i z e ,  ius 
Pressure d rop ,  psi 
Tank operating pressure range 
Inherent cg control 
Ser ies  tankage capabi 1 i t y  

lperati onal character is  ti cs 
Simp1 i c i  ty 
Series of par t ia l  expulsions 
Off-load propellant l imitat ions 
Slosh control 
Shelf l i f e  (ver i f ied  propellant 
exposure) 
Mission l i f e ,  days ver i f ied  

n v i  ronmental capabi 1 i t i e s  
Permeable 
Seal abi 1 i ty  
Radiation sensitive 
Deep cryogenic prope lan t  
Mild cryogenic prope lan t  
Earth s torable  propellant 

BLADDER 

98 
Poor 
5 t o  35 
Fair  
Volumes of 
revol u t i  on 
99.8 
60 
$3 
Low -+ High 
No 
NO 

Good 
Yes 
Off-1 oad n o t  desirable 
Poor damping 
30 days t o  2 years 

30 t o  300 

Metal ba r r i e r  needed 
Good 
Yes 
Li m i  ted 
Li m i  ted 
Yes 

DIAPHRAGM 

99.5 
Fair  
10 t o  500 
Good 
Symmetri cal vol umes 
of  revolution 
99.9 
60 
%lo  
Low -+ High 
No 
No 

Good 
Yes 
Off-load n o t  desirable 
Fai r damping 
30 days t o  1 year  

30 t o  100 

Metal ba r r i e r  needed 
Fai r 
Yes 
L i  m i  ted 
Limited 
Yes 

The lower values shown for both bladders and diaphragms are representative of 
Teflon; the la rger  values represent a good elastomeric f i lm.  
Without  devices t o  ensure good expulsion e f f ic iency ,  phase separation, or 
dynamic control of the polymeric bladder or diaphragm. 
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Company (Ref 111-5 t h r u  111-7) claim 

merit b l adde r s .  Both b l adde r s  and 
diaphragms e x h i b i t  t he  expuls ion char- 
a c t e r i s t i c  shown i n  Figure 111-5. 
The l a r g e  i n c r e a s e  i n  p r e s s u r e  d i f f e r -  
ence r equ i r ed  t o  f o r c e  t h e  l as t  2% of 
p r o p e l l a n t  o u t  of t he  tank i n c r e a s e s  

expuls ion e f f i c i e n c y  of 99% f o r  poly- 

I t h e  r i s k  of material f a i l u r e .  The 

The s t r u c t u r a l  design of an expuls ion device employing a 
b l adde r  o r  diaphragm does n o t  present an oppor tun i ty  f o r  a d e t a i l e d  
stress a n a l y s i s  and a s s o c i a t e d  material s e l e c t i o n .  There i s  l i t t l e  
b a s i s  f o r  t h e  s e l e c t i o n  of a material th i ckness  t o  s a t i s f y  s t r u c -  
t u r a l  requirements beyond s u f f i c i e n t  e longa t ion  and d u c t i l i t y  t o  
wi ths t and  f o l d i n g ,  buckl ing and wr ink l ing  without  t e a r i n g  o r  rup- 
t u r i n g ,  The s t i f f n e s s  of t h i c k  b l adde r s  o r  diaphragms r e s u l t s  i n  
lowered expuls ion e f f i c i e n c y  wh i l e  t h i n  b l adde r s  o r  diaphragms 
s a c r i f i c e  f l e x  l i f e  and permeation r e s i s t a n c e .  Recommended thick-  
nes s  f o r  polytetrafluoroethylene/polyfluorinated e thy lene  propylene 
(TFE/FEP) l amina te s  i s  about 1 0  mils, whereas t y p i c a l  t h i ckness  f o r  
a comparable e l a s tomer  might be 40 m i l s .  
(Ref 111-5) p o i n t s  ou t  t h a t  "Material and f u n c t i o n a l  l i f e  limita- 
t i o n s  are unique t o  a s p e c i f i c  material ,  o p e r a t i n g  temperature ,  
p r o p e l l a n t ,  and L/D geometry. For any s p e c i f i c  a p p l i c a t i o n ,  l i m i -  
t a t i o n s  are minimized by s e l e c t i o n  of t h e  optimum combinations of 
t h e s e  parameters w i t h i n  envelope and o t h e r  system cons ide ra t ions . "  

B e l l  Aerospace Company 

Polymeric b l adde r s  and diaphragms s u s t a i n  very s m a l l  pres-  
s u r e  drops between t h e  u l l a g e  s i d e  and t h e  p r o p e l l a n t  s i d e  of t he  
system during 95% of t h e i r  ope ra t ion .  Consequently, t h e  dynamics 
of expuls ion are n o t  s i g n i f i c a n t l y  in f luenced  by t h e  tank p r e s s u r e  
level.* The p r e s s u r e  d i f f e r e n c e  between the  u l l a g e  p r e s s u r e  and 

*High u l l a g e  p r e s s u r e  does i n c r e a s e  p r e s s u r a n t  permeation by 
r a i s i n g  the gas  concen t r a t ion ,  
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f e e d l i n e  p r e s s u r e  i s  t h e  important  p r o p e l l a n t  expuls ion  parameter .  
Tanks w i t h  polymeric b l adde r s  o r  diaphragms are capable  of opera- 
t i o n  a t  low and h igh  u l l a g e  p res su res .  

O s c i l l a t o r y  motion of  t h e  p r o p e l l a n t ,  p r o p e l l a n t  p r e s s u r e  
r e s u l t i n g  from a c c e l e r a t i o n  f o r c e s ,  and t h e  p rocess  of l i q u i d  ex- 
p u l s i o n  s i n g l y ,  o r  i n  combination, must n o t  o v e r s t r e s s  o r  f a t i g u e  
t h e  b l adde r .  The phys ica l  p r o p e r t i e s  and f a t i g u e  r e s i s t a n c e  o f  
b l adde r s  are h e a v i l y  dependent upon t h e  d e t a i l s  of  manufacturing 
techniques and material p r o p e r t i e s  as w e l l  as t h e  conf igu ra t ion  
and des ign .  Bladders having n e g l i g i b l e  e las  t i c i t y  w i l l  n o t  s i g -  
n i f i c a n t l y  i n f l u e n s e  t h e  s l o s h  mode. Bladders designed t o  act  
through membrane stresses (ca r ry  no bending moment) supplying 
n e g l i g i b l e  r e s t r a i n t  i n  t h e  dynamic system, have a r e l a t i v e l y  low 
weight compared wi th  o t h e r  p o s i t i v e  expuls ion  systems.  Bladders 
w i l l  g e n e r a l l y  e x e r c i s e  n e g l i g i b l e  e l a s t i c  r e s t r a i n t  on t h e  l i q u i d  
and w i l l  show l i t t l e  e f f e c t  on t h e  lower n a t u r a l  f r equenc ie s ,  a l -  
though t h e  f l e x i n g  of  severe b ladde r  creases may c o n t r i b u t e  con- 
s i d e r a b l e  damping. Concent r ic  hoops on a diaphragm, s imi l a r  t o  
those  of t h e  Transtage monopropellant ACS, can prevent  wr ink l ing  
t h a t  r e s u l t s  i n  w e a r  during s l o s h i n g  (Ref 111-8). Werkema (Ref 
111-3) contends t h a t  by proper  des ign  of a tank-bladder system, 
s l o s h  can be  minimized wi thout  s e r i o u s l y  hampering b l adde r  func- 
t i o n  o r  e f f i c i e n c y .  

The polymeric materials of b l adde r s  and diaphragms should 
resist t h e  co r ros ive  a c t i o n  of t h e  l i q u i d  p r o p e l l a n t ,  and act  as 
e f f e c t i v e  b a r r i e r s  a g a i n s t  t h e  l o s s  of p r o p e l l a n t  and t h e  permea- 
t i o n  o f  p r e s s u r a n t .  The materials from which b ladders  and d ia -  
phragms are made should be  a b l e  t o  main ta in  t h e i r  mechanical 
p r o p e r t i e s  dur ing  t h e  prolonged s t o r a g e  i n  c o n t a c t  wi th  t h e  pro- 
p e l l a n t .  There may b e  as much as a 30-day hold  on the  launch pad. 
The wind loads  dur ing  t h e  launch hold  pe r iod  can induce b l adde r  
o r  diaphragm f a t i g u e  and p o s s i b l e  tear f a i l u r e  as a r e s u l t  of  
p r o p e l l a n t  s l o s h .  This  f a i l u r e  would be  e s p e c i a l l y  app l i cab le  t o  
a b l adde r  o r  diaphragm des ign  wi th  a f r e e  polymeric  s u r f a c e  i n  
t h e  blowdown tankage f o r  Mission B o *  Both Missions A1 and A2 
have a requirement f o r  270 days of o p e r a t i o n a l  s t a t u s  a f t e r  launch;  
t h e  es t imated  o p e r a t i o n a l  pe r iod  f o r  Mission B i s  3272 days.  Dur- 
i n g  t h e s e  long  mission t i m e s ,  t he  polymeric materials must be a b l e  
t o  wi ths tand  t h e  f o r c e  of p r e s s u r i z a t i o n  (Missions A, and A 2 )  and 
must r e t a i n  a h igh  degree o f  f l e x i b i l i t y  and r e s i s t a n c e  t o  t h e  
c reas ing  and fo ld ing  t h a t  w i l l  occur  dur ing  p r o p e l l a n t  s l o s h i n g  
a t  p a r t  load  and dur ing  expuls ion .  For t h e  cryogens,  OF2 and 
B2Hg t h e  b l adde r  materials must r e t a i n  t h e s e  p r o p e r t i e s  down t o  
210 O R ,  

&NO de t r imen ta l  e f fec t  of l i q u i d  motion would be a n t i c i p a t e d  
on a prope r ly  designed b l adde r  o r  diaphragm t h a t  w a s  supported 
by t h e  tank  w a l l  when f u l l y  loaded w i t h  p r o p e l l a n t .  
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A s e r i o u s  d isadvantage  of  polymeric  materials f o r  l ong  
d u r a t i o n  b l adde r  and diaphragm a p p l i c a t i o n s  i s  t h e i r  pe rmeab i l i t y  
t o  p r e s s u r a n t  gas and p r o p e l l a n t  vapors .  The most severe problem 
of p r o p e l l a n t  vapor  permeat ion h a s  n o t  been d e t r i m e n t a l  t o  small  
p ropu l s ion  systems on s h o r t  miss ions ,  b u t  permeation may become 
a more s e r i o u s  problem f o r  t h e  longe r  miss ions  and/or  l a r g e r  t anks .  
P r o p e l l a n t  permeat ion t o  t h e  u l l a g e  s i d e  of t h e  b l adde r  r e p r e s e n t s  
unusable  p r o p e l l a n t  and exposes the p r e s s u r a n t  s y s  t e m  t o  t h e  pro- 
p e l l a n t  vapor .  Check valves are requ i r ed  i n  b i p r o p e l l a n t  systems 
t o  p reven t  i n t e rmix ing  of  f u e l  and o x i d i z e r  vapors .  P re s su ran t  
gas  t h a t  permeates t o  t h e  p r o p e l l a n t  s i d e  either d i s s o l v e s  i n  t h e  
l i q u i d  o r  exis ts  as e n t r a i n e d  free bubbles .  These gas  bubbles  
( f r e e  o r  from d i s so lved  p r e s s u r a n t )  can cause engine t h r u s t  per-  
t u r b a t i o n s  o r  combustion i n s t a b i l i t y  * 

Permeation i s  a rate process  (Ref 111-9) ,  b u t  t h e  t o t a l  
q u a n t i t y  (equi l ibr ium)  of  p r o p e l l a n t  t h a t  can be  t r a n s p o r t e d  
through t h e  b l adde r  o r  diaphragm i s  dependent on t h e  u l l a g e  volume 
and n o t  on t h e  polymeric  material. 
only determines t h e  permeat ion ra te .  P r o p e l l a n t  vapor t r a n s p o r t  
w i l l  cont inue  u n t i l  t h e  p a r t i a l  p r e s s u r e  of  t h e  p r o p e l l a n t  vapor  
i n  t h e  u l l a g e  i s  e q u a l  t o  t h e  vapor p r e s s u r e  of  t h e  p r o p e l l a n t .  
S i m i l a r l y ,  t h e  permeat ion o f  p r e s s u r a n t  i n t o  t h e  l i q u i d  s i d e  of 
t h e  polymeric  b l a d d e r  o r  diaphragm w i l l  cont inue  u n t i l  t h e  p a r t i a l  
p r e s s u r e  o f  p r e s s u r a n t  on t h e  l i q u i d  s i d e  i s  t h e  same as t h e  
p a r t i a l  p r e s s u r e  of  t h a t  gas  on t h e  u l l a g e  s i d e .  Using conven- 
t i o n a l  material t o  c o n s t r u c t  b l adde r s  o r  diaphragms f o r  long dur- 
a t i o n  miss ions  w i l l  n o t  prevent  contaminat ion of  t h e  p r o p e l l a n t  
w i th  p r e s s u r a n t  because t h e  pe rmeab i l i t y  i s  g r e a t  enough t h a t  an 
equ i l ib r ium p r e s s u r a n t  bubble  has  s u f f i c i e n t  t i m e  t o  form. An 
a d d i t i o n a l ,  redundant p r o v i s i o n  on t h e  l i q u i d  s i d e  of  t he  b l adde r  
o r  diaphragm, such as a c a p i l l a r y  a c q u i s i t i o n  device  a c t i n g  as a 
vapor  b a r r i e r  over  t h e  o u t l e t  (Mariner '71 primary p ropu l s ion  sys- 
t e m  d e s i g n ) ,  would be  r equ i r ed  t o  ensu re  s ingle-phase l i q u i d  ex- 
pu l s ion .  

The expu l s ion  device  material 

The problem of  permeat ion o f  t h e  p r o p e l l a n t  and p r e s s u r a n t  
through a polymeric  b l adde r  w a s  so lved  on t h e  Lunar O r b i t e r  ve- 
l o c i t y  c o n t r o l  system by t h e  i n c o r p o r a t i o n  of  a l a y e r  of  aluminum 
f o i l  t o  provide  a b l adde r  material of 2-mil TFE/1-mil FEP/k-mil 
AR fo i l / 3 -mi l  FEP (Ref 111-10). Metal f o i l s  used i n  a th ickness  
range of  0.0002 t o  0.002 i n .  have a l i m i t e d  f l e x  l i f e  w i th  r e s p e c t  
t o  p inho l ing  due t o  co ld  working. The molding of  metal f o i l s  i n t o  
adherent  conformance w i t h  s p h e r i c a l  b l adde r s  o r  hemispher ica l  d ia -  
phragms has  been found d i f f i c u l t .  Laminates o f  gold as w e l l  as 
aluminum and Tef lon  are t roub led  w i t h  nonuniformity o f  adherence 
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and formation of gas  pockets ( b l i s t e r s ) .  Chemical vapor depos i t ed  
aluminum 0,0001- t o  0.001-in. t h i c k  s i g n i f i c a n t l y  reduced t h e  N2O4 
permeation of TFE Teflon wh i l e  maintaining t h e  b a s i c  s t r u c t u r a l  
p r o p e r t i e s  of t h e  Teflon (Ref 111-11). A vapor depos i t ed  l a y e r  
o f  aluminum 0.0003-in. t h i c k  reduced t h e  permeation of N2O4 through 
a 10-mil s h e e t  of TFE Teflon from 5 t o  6 mg/in.2-hr t o  0 . 1  mg/ine2- 
h r .  
t o  0.02 mg/ine2-hr as compared wi th  1 3  t o  20 mg/inm2-hr f o r  t he  
unclad Teflon f i l m  (Ref 111-12). Gold f o i l  (0.002-in. t h i c k )  
l i n e d  carboxy-nitroso rubber (CNR) b l adde r s  s u f f e r e d  from delamina- 
t i o n  and f a t i g u e  cracking of t h e  gold f o i l  upon reexpansion a f t e r  
one expuls ion cyc le  (Ref 111-13 and 111-14). The t h e o r e t i c a l l y  
impermeable material had measured permeation rates of 0.16 t o  4.6 
mg N204/inD2-hr and passed helium gas a t  0.5 cc/15 min. The re- 
duct ion i n  long term pe rmeab i l i t y  accomplished t o  d a t e  has n o t  
been s u f f i c i e n t  t o  j u s t i f y  t h e  a d d i t i o n a l  complexity and c o s t  of 
me ta l l i zed  polymeric materials f o r  a p p l i c a t i o n  t o  the  t h r e e  r e f -  
erence mis s ions .  

Lead coa t ings  of 0.0004 i n .  reduced N2O4 pe rmeab i l i t y  t o  0.2 

The use of polymeric expuls ion devices  has  been l i m i t e d  
t o  s m a l l  secondary p ropu l s ion  systems w i t h  s h o r t  s t o r a g e  r equ i r e -  
ments ( < 1  y e a r ) .  For a p p l i c a t i o n s  invo lv ing  longe r  s t o r a g e  pe r iods  
and/or l a r g e r  tanks,  permeation may become a more s e r i o u s  problem..  
P a r t i c u l a r l y ,  t he  formation of l a r g e r  gas bubbles ( f r e e  o r  from 
d i s so lved  p r e s s u r a n t )  i n  t h e  p r o p e l l a n t ,  t h a t  can cause engine 
t h r u s t  p e r t u r b a t i o n s  o r  combustion i n s t a b i l i t y  as mentioned pre-  
v i o u s l y ,  must be prevented o r  c o n t r o l l e d .  Compatibi l i ty  w i th  
pxope l l an t  vapor and condensate and t h e  p r o p e l l a n t  outage asso- 
c i a t e d  wi th  t h e  permeant must be considered i n  the  u l l a g e  com- 
ponents and p r e s s u r a n t  s e l e c t i o n  and t h e  performance a n a l y s i s  e 

Nitrogen, helium, and s o l i d  p r o p e l l a n t  gas gene ra to r s  have been 
used s u c c e s s f u l l y  f o r  expuls ion p r e s s u r a n t s .  

2, System Evaluat ion 

a. R e l i a b i l i t y  - The dynamics of v i b r a t i o n ,  wr ink l ing ,  and 
f o l d i n g  a s s o c i a t e d  wi th  ground and f l i g h t  ope ra t ions  w i l l  induce 
stresses t h a t  can r e s u l t  i n  anomalous o p e r a t i o n  from p inho le  leaks 
and p o s s i b l y  a c a t a s t r o p h i c  f a i l u r e  caused by t e a r i n g .  Primary 
f a i l u r e  modes r e s u l t  from m u l t i a x i a l  t e n s i o n  f o r c e s .  
motion of buckled f o l d s  can p r e c i p i t a t e  mechanical f a t i g u e  and 
pinhol ing a t  t he  apex of double f o l d s ,  and th ree -ax i s  v i b r a t i o n  
has  caused b l adde r  t e a r i n g .  I f  some degree of chemical incom- 
p a t i b i l i t y  between p r o p e l l a n t  and b l adde r  i s  p r e s e n t  producing 
d e t e r i o r a t i o n  i n  t h e  s t r u c t u r a l  p r o p e r t i e s  of t h e  polymeric m a t e -  
r ia l  o r  i n t e r l a m i n a r  b l i s t e r i n g ,  aging can l e a d  t o  a b l adde r  
f a i l u r e  under normally t o l e r a b l e  stresses. 

The r o l l i n g  
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Bladders have a h i g h e r  element of r i s k  than diaphragms 
i n  blowdown tankage. The unsupported s u r f a c e  area of a diaphragm 
w i l l  g e n e r a l l y  be smaller than t h a t  of a convent ional  b l a d d e r ,  
even i n  the f u l l y  loaded cond i t ion .  An a l t e r n a t i v e  i s  t o  provide 
a p e r f o r a t e d  support  cap f o r  an asymmetrical b l adde r  system. D i a -  
phragms are more e a s i l y  designed t o  cope wi th  t h e  f r e e  s u r f a c e  
problem, b u t  they s t i l l  s u f f e r  from l a c k  of l o c a l  support  by the 
tank w a l l .  Nonsupport would a l s o  occur  on Missions A, and A 2 ,  
s i n c e  t h e  tanks have an i n i t i a l  u l l a g e  of 10%. 

Teflon FEP has  experienced s o l v e n t  stress cracking (anal-  
ogous t o  stress co r ros ion  i n  me ta l s )  under exposure t o  heptane,  
t o  a l coho l  t o  a lesser e x t e n t ,  o r  t o  f r eon  on ly  s l i g h t l y .  These 
cracks tend t o  propagate  under o p e r a t i n g  stresses and e v e n t u a l l y  
l e a d  t o  premature f a i l u r e  o f  t he  polymeric material .  The condi- 
t i o n s  of FEP stress, environmental  p r e s s u r e ,  and s o l v e n t  exposure 
t i m e  r equ i r ed  t o  produce stress cracking have n o t  been e s t a b l i s h e d .  
However, t he  Mariner ' 7 1  Teflon b l adde r  s u f f e r e d  s o l v e n t  stress 
cracking as t h e  r e s u l t  of v i b r a t i o n  t e s t i n g  a t  ope ra t ing  tank pres-  
s u r e  wi th  i sop ropy l  a l coho l  used as a r e f e r e e  p r o p e l l a n t .  The 
c u r r e n t  opinion i s  t h a t  t h e  c r i t i c a l  cond i t ions  f o r  cracking i n  
the FEP are no t  m e t  dur ing normal c leaning o p e r a t i o n s .  The 
g r e a t e s t  r i s k  i s  encountered du r ing  system q u a l i f i c a t i o n  and/or  
acceptance t e s t i n g .  

The only c a t a s t r o p h i c  f a i l u r e  of a b l adde r  o r  diaphragm 
would be a tear t h a t  r e s u l t s  i n  t h e  major l o s s  of p r o p e l l a n t  con- 
t r o l  and expuls ion c a p a b i l i t y  i n  a low-g environment. The s i n g l e  
anomalous f a i l u r e  mode f o r  b l adde r s  and diaphragms i s  from p in -  
ho le  l e a k s  t h a t  permit  excess ive  e n t r y  of u l l a g e  gas i n t o  t h e  
p r o p e l l a n t  volume and allow unplanned p r o p e l l a n t  l o s s  t o  t h e  
u l l a g e ,  reducing t h e  t o t a l  impulse a v a i l a b l e  and i n c r e a s i n g  out-  
age - 

b .  Mass - The b ladde r  system mass estimates were based upon 
10-mil t h i c k  Teflon b l adde r s  and s t andp ipe  designs s i m i l a r  t o  
those employed on Mariner ' 7 1 .  General ly ,  a laminated construc-  
t i o n  of 5-mil p o l y t e t r a f l u o r o e t h y l e n e  (TFE) nex t  f o  t h e  p r o p e l l a n t  
f o r  s t r e n g t h  and chemical c o m p a t i b i l i t y ,  and 5-mil p o l y f l u o r i n a t e d  
e thy lene  propylene (FEP) on t h e  u l l a g e  s i d e  f o r  permeation reduc- 
t i o n  and improved f l e x i b i l i t y  is  employed. D i l e c t r i x  (Ref 111-6) 
i n d i c a t e d  t h a t  Teflon use on Mission A1  i s  precluded because of 
t he  change i n  p h y s i c a l  p r o p e r t i e s  a t  cryogenic  temperatures;  i n  
p a r t i c u l a r ,  t he  change i n  modulus t h a t  would render  the Teflon i n -  
operable  i n  any type of f o l d i n g  and o r  c r e a s i n g  mode. Although 
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material c o m p a t i b i l i t y  problems e x i s t  f o r  Mission A1 p r o p e l l a n t s ,  
Teflon d e n s i t y  (0.08 1 b m / i n e 3 )  appears t o  b e  r e p r e s e n t a t i v e  of t h e  

polymeric materials under development f o r  f l u o r i n e  o x i d i z e r s  a n d  

diborane The s t r u c t u r a l  p r o p e r t i e s  of t h e s e  developmental materi- 
a l s  f o r  u se  w i t h  OF2 have n o t  been c h a r a c t e r i z e d  t o  the p o i n t  where 
design cr i ter ia  can b e  p r e d i c t e d ,  Multi-ply,  thin-f i lm b ladde r  
c o n s t r u c t i o n  would probably b e  used w i t h  t h e  cryogenic  p r o p e l l a n t s  
of Mission A l e  B e l l  and D i l e c t r i x  (Ref 111-5 and 111-6) agree  that 
Teflon would b e  s a t i s f a c t o r y  f o r  Mission A 2 P  and probably f o r  M i s -  
s i o n  B ,  because t h e r e  do n o t  appear  t o  b e  d e t r i m e n t a l  aging e f f e c t s  
on Teflon polymers i n  the __-- earth . s t o r a b l e  ___ -_ p r o p e l l a n t s  (N204s MMK, 
and -hydFazine) 
f i l m  comprising TFE and a t  least  20% FEP Product Go-de TE-9511 
(high molecular weight) would b e  p r e f e r a b l e  f o r  Mission A 2 $  and 
q u i t e  p o s s i b l y  f o r  Mission B." 

_I- 

~ _ - _ _  
-conservat ive f o r  t h e  polymeric materi-als under development f o r  

However, D i l e c t r i x  recommends "a cod i spe r s ion  

The diaphragm system m a s s  estimates w e r e  based on 30-mil 
t h i c k  TFE/FEP Teflon f o r  Missions A1 and A 2 P  and 60-mil t h i c k  
e thy lene  propylene terpolymer (EPT) o r  e thy lene  propylene rubber 
(EPR) f o r  Mission B .  
and A2 employed a completely r e v e r s i n g  diaphragm. The Mission B 
system i s  s i m i l a r  t o  t h e  N2H4 monopropellant ACS f o r  Transtage.  

The diaphragm system design f o r  Missions A] 

The pe rmeab i l i t y  of polymeric materials i s  s o  g r e a t  t h a t  
t h e  u l l a g e  _ - ~  volume w i l l  b e  s a t u r a t e d  w i t h  p r o p e l l a n t  vapor during 
the  missions.  Equi l ibr ium concen t r a t ions  of p r o p e l l a n t  vapor i n  
t h e  u l l a g e  w i l l  b e  reached w i t h i n  a few days. 
meric materials have been i n v e s t i g a t e d  f o r  zero pe rmeab i l i t y  
systems, b u t  the metal f o i l s  s u f f e r  from p inho l ing  upon f o l d i n g ,  
and delaminat ion from t h e  polymeric material, Consequently, t h e  
permeation ra te  is  s t i l l  h igh  enough t o  reach s teady-s ta te  during 
these  long-duration missions.  Since t h e  permeation t r a n s i e n t  i s  
only s l i g h t l y  extended, m e t a l l i z e d  polymeric materials were n o t  
considered because of t h e  a d d i t i o n a l  weight  and complexity. 

Me ta l l i zed  poly- 

Another problem a s s o c i a t e d  w i t h  the ~ polymeric f i l m  permea- 
b i l i t y  is p r o p e l l a n t  s a t u r a t i o n  wi th  p r e s s u r a n t  gas and the  forma- 
t i o n  of p r e s s u r a n t  bubbles  on t h e  l i q u i d  s i d e  of t h e  device.  
Helium permeation through polymeric f i l m s  is  s o  h igh  t h a t  e q u i l i b -  
rium i s  achieved i n  approximately one-half day, 
t i o n  i s  s lower,  on t h e  o r d e r  of t he  p r o p e l l a n t  vapor,  with e q u i l i b -  
rium occur r ing  i n  a f e w  days,  Although the  b l a d d e r  o r  diaphragm 
provides  e f f i c i e n t  p o s i t i v e  expu l s ion ,  a secondary and p o s s i b l y  

Nitrogen permea- 
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redundant system i s  requ i r ed  t o  s e p a r a t e  t h e  l i q u i d  and gas phases 
i n  the  absence of a zero pe rmeab i l i t y  polymeric material. 
l a r y  s c r e e n  device w a s  employed f o r  t h i s  f u n c t i o n  i n  t h e  b l adde r  
s t andp ipe  and i n  t h e  diaphragm c o l l e c t o r  p l a t e  shown i n  F igu res  
111-2 t h r u  111-4. The expuls ion e f f i c i e n c y  a n t i c i p a t e d  f o r  t h e  
b l adde r  system i s  98% o r  more. The diaphragm f o r  t he  s p h e r i c a l  
system should have an expuls ion e f f i c i e n c y  of 99.5%. The expul- 
s i o n  e f f i c i e n c y  f o r  t h e  diaphragm i n  t h e  c y l i n d r i c a l  tanks may b e  
degraded t o  about 99% by t h e  less favorab le  geometry. 

A c a p i l -  

The m a s s  estimates f o r  both polymeric b l adde r  and polymeric 
diaphragm expuls ion systems considered f o r  Missions A I ,  A,, and B 
are p resen ted  i n  Table 111-4. 

C. Design S c a l a b i l i t y  and P r o d u c i b i l i t y  

1 )  Design S c a l a b i l i t y  - The d e t a i l s  of des ign ,  f a b r i c a -  
t i o n ,  a t tachment ,  and ‘ i n s t a l l a t i o n  are p r i m a r i l y  empi r i ca l  and 
must r e l y  on development t e s t i n g .  Consequently, a change i n  sys- 
t e m  s i z e  can r e q u i r e  ex tens ive  r e d e s i g n  of t h e  b l adde r  o r  diaphragm 
expuls ion system. New des igns  of comparable s i z e  can b e  developed 
from s i m i l a r  q u a l i f i e d  systems, b u t  des ign  v e r i f i c a t i o n  i s  needed. 

2) Manufac tu rab i l i t y  - The a b i l i t y  t o  f a b r i c a t e  a b l adde r  
o r  diaphragm system i s  in t e rdependen t  w i th  t h e  a p p l i c a t i o n .  The 
c h a r a c t e r  of t h e  polymeric material i s  t h e  p r i n c i p a l  considera-  
t i o n .  Some materials can b e  molded (EPR); o t h e r s  are layed up on 
r o t a t i n g  mandrels by sp ray ing  (Teflon) o r  brushing (CNR) ; some 
materials r e q u i r e  s p e c i a l  o r  unique p rocesses  t h a t  must be de- 
veloped t o  meet the  p a r t i c u l a r  needs of t h a t  design.  I n  any e v e n t ,  
manufacturing experience has  been l i m i t e d  t o  maximum dimensions 
on the o r d e r  of 60 i n . ,  which encompasses t h e  technology r equ i r e -  
ments f o r  Missions A I ,  A 2 ,  and B .  

The leakage limits are c r i t i c a l  t o  b l adde r  o r  diaphragm 
system design and manufacture. Long d u r a t i o n  missions should 
u t i l i z e  all-welded tank c o n s t r u c t i o n  t o  p rov ide  an abso lu te  seal. 
Experience shows t h a t  an access p o r t  whose d i a m e t e r ’ i s  about one- 
f o u r t h  t h e  tank diameter i s  r equ i r ed  f o r  i n s t a l l a t i o n  of t h e  blad-  
d e r  system i n t o  the  tank.  Such l a r g e  p o r t s  are d i f f i c u l t  t o  seal 
mechanically.  The gas  s i d e  o f  t h e  p r o p e l l a n t  tank must be welded 
t o  t h e  l i q u i d  s i d e  of t h e  tank a f t e r  t h e  polymeric diaphragm h a s  
been i n s t a l l e d ,  
w i th  e l e c t r o n  beam equipment. 

Welding of such systems has  been accomplished 
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Bladders should be f a b r i c a t e d  smaller than t h e  tank 
t o  avoid tears and p inho les  due t o  wr ink l ing .  However, sh r inkage  
du r ing  cu r ing  must be c o n t r o l l e d  s o  t h a t  t h e  b l adde r  i s  l a r g e  
enough t o  seat a g a i n s t  t h e  tank w a l l  w i thou t  exceeding t h e  e l a s t i c  
l i m i t  of  t h e  polymeric material .  
normally a l o c a l  r a t h e r  than uniform phenomenon which gene ra t e s  
stresses t h a t  can l e a d  t o  c a t a s t r o p h i c  f a i l u r e .  

If y i e l d i n g  should occur ,  i t  i s  

A c o n s t a n t l y  r e c u r r i n g  f a b r i c a t i o n  problem w i t h  mul- 
t i p l e  l a y e r  polymeric f i l m s  i s  delaminat ion.  This i s  u s u a l l y  a 
l o c a l  problem t h a t  r e s u l t s  i n  b l i s t e r s  on t h e  material .  I n  gen- 
eral ,  t h e s e  areas grow wi th  continued l o s s  of adhesion r e s u l t i n g  
i n  degraded mechanical p r o p e r t i e s  of t h e  polymeric laminate .  

Teflon b l adde r  f a b r i c a t i o n  f o r  MMH and N204 b ip rope l -  
l a n t  systems and EPR o r  EPT diaphragm molding f o r  use wi th  n i -  
t r a t e d  hydrazine are s t a t e -o f - the -a r t  p rocesses .  However, none 
of t he  materials f o r  p o t e n t i a l  use wi th  OF2 has been formed o r  
t e s t e d  as a b l a d d e r  o r  diaphragm. Many of t hese  materials have 
n o t  even been c h a r a c t e r i z e d .  
p r o p e r t i e s  have been s t u d i e d  show c h a r a c t e r i s t i c s  t h a t  would make 
convent ional  manufacturing q u e s t i o n a b l e ,  and i t  is  p rob lema t i ca l  
i f  s a t i s f a c t o r y  p r o d u c i b i l i t y  could be achieved i n  the  1975 t i m e  
pe r iod .  
such as Mylar, po lye thy lene ,  and polycarbonate  , show s l i g h t  
promise when multi-ply materials f o r  diaphragm o r  expanding 
b l adde r  designs are employed. F a b r i c a t i o n  experience i s  a v a i l -  
a b l e  f o r  t h e  mult i -ply c o n s t r u c t i o n  wi th  t h e s e  polymeric hydro- 
carbons e 

Those polymerics whose p h y s i c a l  

Some polymeric hydrocarbons p o t e n t i a l l y  u s e f u l  w i th  BzHg.  

3)  Subscale  T e s t  S c a l a b i l i t y  - S c a l a b i l i t y  f o r  b l adde r  
o r  diaphragm t e s t i n g  i s  n o t  r equ i r ed .  F u l l  s c a l e  system t e s t i n g  
i s  p o s s i b l e  and r e q u i r e d  f o r  polymeric b l adde r s  and diaphragms. 
S t r u c t u r a l  t e s t i n g ,  development t e s t i n g ,  and q u a l i f i c a t i o n  test-  
i n g  of polymeric b l adde r s  o r  diaphragms must be done f u l l  s c a l e  
because of t h e  expu l s ion  a c t i o n  and i n h e r e n t  d i f f i c u l t y  wi th  
s c a l a b i l i t y  a P r o p e l l a n t  c o m p a t i b i l i t y  and pe rmeab i l i t y  tests 
can b e  performed on material samples.  Table 111-5 l i s t s  some 
tests r equ i r ed  f o r  polymeric b l a d d e r  o r  diaphragm systems e 
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Table 
TEST ITEM 
Material 

Functi ona 1 
evaluation 

MCR- 70 - 1 7 1 

11-5 Polymeric Bladder/Diaphragm Testing 
FULL SCALE 

NO 

Yes 

TEST DESCRIPTION 
Propellant de_composi t ion 
Propellant permeability 
Pressurant permeability 
Polymeric mater ia l  compatibil i ty:  
Speci f i  c gravity 
Flexural modulus 
Ultimate t e n s i l e  and elongation 
Compression s e t  
Hardness 
Tear strength 
Volume swell and l i nea r  shrinkage 
Blis ter ing and delamination. 

__________ 
Leakage 
Cycle l i f e  
Slosh 
Internal/external 1 oads 
Temperature cycling 
Exp u 1 s i on ef f i c i en cy 
Expu 1 s i on k i nema ti cs : 
Polymeric material folding 
L i  q u i  d /gas  phase separation 

d. Compatibi l i ty  w i t h  Adjacent Components and P r o p e l l a n t s  

1) P rope l l a n  t / M a t  e r i  a1 C o q  a t i b i  li ty - Material comp a t  i- 
b i l i t y  becomes a formidable  problem f o r  polymeric materials be- 
cause of t h e  known chemical a c t i v i t y  between t h e  p r o p e l l a n t s  and 
the polymeric materials. However, t h e  chemical k i n e t i c s  are n o t  
known w e l l  enough so  t h a t  rate p rocesses  can b e  p r e d i c t e d .  

Chemical and thermal c o m p a t i b i l i t y  between t h e  pro- 
p e l l a n t s  and the  polymeric materials are problems f o r  Mission A I .  
Chemically i n e r t  polymeric f i l m s  having h igh  f l e x  l i f e  a t  cryo- 
gen ic  temperatures  are n o t  a v a i l a b l e  f o r  Mission A I .  
meric materials s u i t a b l e  f o r  use i n  t h e  presence of OF2 (NBP 
230"R) and B2Hg (NBP 325"R) are t h e  s u b j e c t s  of c u r r e n t  r e sea rch  
(Ref 111-15, 111-16, 111-12).. Polymeric b l adde r  and diaphragm 
designs f o r  cryogenic  a p p l i c a t i o n s  employ t h e  mult i -ply material 
t h a t  r e t a r d s  p inho l ing  by c o n s t r a i n i n g  t h e  f i l m  t o  l a r g e r  and 
smoother bends. The m u l t i p l e  l a y e r s  of material ( u s u a l l y  unbonded) 
func t ion  analogously t o  a l a b y r i n t h  seal i n  c o n t r o l l i n g  leakage 
between t h e  gas s i d e  and the  l i q u i d  s i d e  of t h e  tank through t h e  
unavoidable p inho les  e These l e a k s  c o n s t i t u t e  an anomalous f a i l u r e  
t h a t  might reach s e v e r e  p ropor t ions  during a long d u r a t i o n  mis s ion ,  

Poly- 
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Only polyf luorocarbons can be considered f o r  use wi th  
OF2 because the  hazards  of f i r e  and explosion e x i s t  w i th  polymeric 
hydrocarbons i n  c o n t a c t  w i t h  OF2 (Ref 111-17). It i s  p o s s i b l e  f o r  
OFp and f luorocarbons such as Teflon t o  react v i o l e n t l y ,  although 
t h e  i n i t i a t i o n  of t h e s e  r e a c t i o n s  i s  d i f f i c u l t  (Ref 111-12). 
HFB-2 (hexafluorobutyne-2) and p e r f l u o r o  mono- and d i i s o c y a n a t e s ,  
i n  t h e  s y n t h e s i s  s t a g e ,  are materials wi th  p o t e n t i a l  a p p l i c a t i o n  
(Ref 111-15). Polyperf luorobutadiene i s  a chemically i n e r t  elas- 
tomeric polymer wi th  p r e d i c t e d  mechanical p r o p e r t i e s  s u p e r i o r  t o  
Teflon (Ref 111-16). However, bladder/diaphragm design d a t a  are 
n o t  y e t  a v a i l a b l e  f o r  t h e s e  new materials. Some polymeric hydro- 
carbons,  such as p o l y e s t e r s  (duPont Mylar),  polyethylene (Union 
Carbide Zendel) , and polycarbonate  (GE 2346-63) , are chemically 
compatible wi th  B2H6 (Ref 111-12). Teflon i s  another  p o s s i b l e  
material e 

It has been found t h a t  none of t h e  polymeric materials 
s e l e c t e d  f o r  t e s t i n g  wi th  e i t h e r  oxygen d i f l u o r i d e  o r  diborane 
had a f l e x  r e s i s t a n c e  of more than a few cyc le s  a t  temperatures 
below 380"R i n  an i n e r t  Freon l i q u i d .  I n  tests wi th  OF2:, an FEP 
Teflon underwent about 8 cyc le s  t o  f a i l u r e .  Mylar survived 5 t o  
7 cyc le s  b e f o r e  f a i l u r e  i n  B2H6 (Ref 111-12). 

The b e s t  contemporary polymeric materials f o r  b l adde r s  
o r  diaphragms f o r  use w i t h  oxygen d i f l u o r i d e  and diborane are FEP 
Teflon and Mylar, r e s p e c t i v e l y .  However, t h e  chemical and/or  
s t r u c t u r a l  c h a r a c t e r i s t i c s  of both of t h e s e  materials are con- 
s i d e r e d  u n s a t i s f a c t o r y  f o r  t h e  low temperature  a p p l i c a t i o n  of 
Mission A I .  There i s  no p o s i t i v e  i n d i c a t i o n  t h a t  adequate poly- 
meric  f i l m s  w i l l  be found f o r  OF2 and B2H6 b l adde r  o r  diaphragm 
expuls ion systems. 

There are s e v e r a l  polymeric materials t h a t  are s u f f i -  
Polyethylene and Teflon are candi- c i e n t l y  i n e r t  f o r  Mission A 2 .  

d a t e s  f o r  MMH and Teflon is  a good material f o r  N2O4.  
( cyc l i zed  1, 2-polybutadiene) t o l y l  u re thane  (CPBU) e l a s t o m e r i c  
composites may develop i n t o  s u p e r i o r  bladder/diaphragm material 
f o r  use wi th  N2O4 w i t h i n  t h e  development pe r iod  1975. 
(carboxy-nitroso rubber)  is  an e l a s t o m e r i c  material h igh ly  re- 
s i s t a n t  t o  N 2 O 4 ,  b u t  i t  e x h i b i t s  vapor pe rmeab i l i t y  80 t i m e s  
g r e a t e r  than Teflon. North American, Rocketdyne, has  exposed 
Teflon b l adde r s  t o  N2O4 and MMH f o r  one y e a r  and then expe l l ed  
99% of t h e  p r o p e l l a n t s  a t  350 p s i g  wi thou t  i n c u r r i n g  a b l adde r  
l e a k .  There w a s  no apparent  deg rada t ion  i n  t h e  b l adde r  seal and 
only 5 t o  7% reduc t ion  i n  t e n s i l e  s t r e n g t h .  The s e l e c t i o n  of 
Teflon f o r  Mission A2 would p rov ide  v a l u a b l e  hardware interchange-  
a b i l i t y .  

Poly 

CNR 
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No experimental  v e r i f i c a t i o n  e x i s t s  f o r  polymeric 
m a t e r i a l / p r o p e l l a n t  c o m p a t i b i l i t y  f o r  Mission B a p p l i c a t i o n  con- 
s i d e r i n g  bo th  t h e  p r o p e l l a n t  and t h e  10-yr d u r a t i o n ,  Since n i -  
t r a t e d  hydrazine (75/25 N ~ H ~ / N ~ H s N O ~ )  i s  homologous w i t h  hydra- 
z ine (N2H4)p an adequately s t a b l e  polymeric material might b e  
found f o r  t h i s  a p p l i c a t i o n .  Improvements i n  Teflon are being 
made, making i t  a l e a d i n g  p rospec t  f o r  Mission B. 
pylene copolymers (EPR) and terpolymers (EPT) are chemically com- 
p a t i b l e  e las tomers  i n  wide u s e  w i t h  hydrazine.  
l i t t l e  s t r u c t u r a l  deg rada t ion  and produce only s l i g h t  hydrazine 
d i s s o c i a t i o n  when carbon b l a c k  f i l l e r s  are avoided. However, t h e  
rate of decomposition of n i t r a t e d  hydrazine would probably be 
g r e a t e r  than t h a t  f o r  hydrazine.  Experimental assessment of t h e  
e f f e c t s  of long-term exposure o f  polymerics t o  n i t r a t e d  hydrazine 
i s  a p r e r e q u i s i t e  f o r  s e r i o u s  c o n s i d e r a t i o n  of t h e s e  materials 
f o r  Mission B. 

Ethylene pro- 

EPR and EPT s u f f e r  

I n  summary, t h e r e  are no polymeric materials s u i t a b l e  
f o r  use i n  b l adde r s  o r  diaphragms on e i t h e r  Missions AI o r  B a t  
the  p r e s e n t  t i m e ,  The b e s t  b l adde r  and diaphragm materials f o r  
Mission A2 are polyethylene o r  Teflon f o r  MMH and Teflon f o r  
N2°4 * 

2)  P r e s s u r i z a t i o n  System Compatibi l i ty  - A l l  polymeric 
materials are permeable t o  helium o r  n i t r o g e n  p r e s s u r a n t  gas I) 
Attempts t o  p rov ide  zero-permeabili ty b l adde r s  w i t h  meta3lic f o i l  
coa t ings  show l i t t l e  promise of success  f o r  long d u r a t i o n  mis s ions ,  
Consequently, t h e r e  w i l l  b e  a problem of p r e s s u r a n t  d i s s o l u t i o n  i n  
the p r o p e l l a n t ,  Gas s a t u r a t i o n  and subsequent formation of a 
p r e s s u r a n t  bubble w i t h i n  t h e  polymeric b l adde r  can be expected. 
A s  a r e s u l t ,  a l i q u i d l g a s  phase s e p a r a t o r  i s  r equ i r ed  i n  t h e  out-  
l e t  s y s  tern * 

3)  Tankage Compatibi l i ty  - Polymeric b l adde r s  and d i a -  
phragms can b e  s u c c e s s f u l l y  employed i n  almost any volume of 
r evo lu t ion .  Experience wi th  s p h e r i c a l  and c y l i n d r i c a l  tankage 
i s  p ro fuse .  S p h e r i c a l  b l adde r s  may n o t  perform as w e l l  as cy l in -  
d r i c a l  b l adde r s  because of the  l a r g e r  g i r t h  dimension and cont in-  
uous cu rva tu re  t h a t  i n c r e a s e  t h e  wr ink l ing  and f o l d i n g  during 
c o l l a p s e  e 
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The c r o s s - s e c t i o n a l  area t o  w a l l  s u r f a c e  area r a t i o  
is  the c r i t i c a l  design parameter f o r  diaphragm geometry. High 
va lues  of t h i s  area r a t i o  r e s u l t  i n  less diaphragm c o n t o r t i o n  
during t r a n s l a t i o n .  Therefore ,  s p h e r i c a l  tanks are a more de- 
s i r a b l e  c o n f i g u r a t i o n  f o r  diaphragms than h igh  L/D c y l i n d r i c a l  
t anks ,  t h a t  may r e q u i r e  a u x i l i a r y  tank and diaphragm s t r u c t u r e  
o r  even novel  designs such as rol l -and-peel ,  o r  bathtub diaphragms. 
Tank s i z e  i s  p r e s e n t l y  a more s i g n i f i c a n t  l i m i t a t i o n  than tank 
shape on polymeric b l adde r  o r  diaphragm a p p l i c a t i o n s .  
l i n e a r  dimension t o  which polymeric b l adde r s  and diaphragms have 
been f a b r i c a t e d  i s  on t h e  o r d e r  of f i v e  f e e t .  

The maximum 

4 )  Performance - Bladders and diaphragms are n o t  i n h e r e n t -  
l y  l i m i t e d  by burn t i m e  v a r i a t i o n s ,  number of engine restarts, o r  
a c c e l e r a t i o n  v a r i a t i o n s .  However, secondary e f f e c t s  of off-load- 
i n g ,  which pe rmi t s  mechanical working of t he  polymeric material 
due t o  v i b r a t i o n ,  s l o s h ,  o r  o f f - a x i s  a c c e l e r a t i o n ,  do c o n t r i b u t e  
t o  d e t e r i o r a t i o n  o f  s t r u c t u r a l  i n t e g r i t y .  

e.  Performance T e s t a b i l i t y  

1 )  V e r i f i c a t i o n  of Opera t iona l  Readiness - Acceptance 
t e s t i n g  of b l a d d e r s  and diaphragms can be performed by l e a k  check- 
i n g ,  v i b r a t i o n  t e s t i n g ,  and expu l s ion  t e s t i n g .  Since b l adde r s  
and diaphragms are n o t  p a s s i v e  expu l s ion  systems t h e  polymeric 
material i s  degraded wi th  each e x e r c i s e  , i n c r e a s i n g  the  p o t e n t i a l  
of f a i l u r e  on t h e  nex t  expu l s ion  i n  s p i t e  of accep tab le  perform- 
ance during t h e  test  * Consequently v i b r a t i o n  and expuls ion t e s t -  
i n g  €or b l adde r  o r  diaphragm acceptance are n o t  recommended. 

Leak. checking b l adde r s  and diaphragms can be d i f f i c u l t  
because of  polymerlc material pe rmeab i l i t y  and t r app ing  of gas 
pockets i n  f o l d s  o r  between t h e  dev ice  and tank hardware. I f  t he  
expuls ion system i s  l e a k - t e s t e d  wi th  a gas p r e s s u r a n t ,  i t  i s  hard 
t o  d i s t i n g u i s h  t h e  bubbles e x p e l l e d  due t o  gene ra l  permeation 
(normal) from bubbles  r e s u l t i n g  from p inho les  o r  tears (abnormal). 
The polymeric materials tend t o  squirm during c o l l a p s e  o r  s e a t i n g  
a g a i n s t  t h e  tank w a l l .  P e r i o d i c a l l y ,  t rapped g a s  t h a t  may a p p e a r  
t o  be a l e a k  i s  r e l e a s e d .  The Teflon b l adde r s  used on t h e  bipro-  
p e l l a n t  ACS and t h e  EPR-132 diaphragms used on the  monopropellant 
ACS f o r  Transtage had s i g n i f i c a n t  l e a k  checking problems a t t r i b -  
u t a b l e  t o  t h e s e  phenomena.* I n  c o n t r a s t ,  t h e  Teflon b l adde r s  f o r  

*Trans t age  monopropellant ACS diaphragms were p r e s s u r i z e d  hy- 
d r a u l i c a l l y  (with l i q u i d  p r e s s u r a n t  on t h e  u l l a g e  s i d e  and gaseous 
n i t r o g e n  on t h e  p r o p e l l a n t  s i d e ) .  G a s  t rapped i n  t h e  wr ink le s  and 
f o l d s  of t h e  diaphragm continued t o  d i scha rge  bubbles f o r  several 
hours  as t h e  polymeric material continued t o  squirm a f t e r  t h e  d i a -  
phragm had been s e a t e d  a g a i n s t  t h e  tank w a l l .  
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t h e  primary p ropu l s ion  system on Mariner ' 7 1  have n o t  encountered 
the  probleme* 
i n g  a c t i o n  r e p r e s e n t  g e n e r i c  disadvantages t o  leak-checking b l adde r s  
and diaphragms 

The polymeric material pe rmeab i l i t y  and slow squirm- 

2) Development S t a t u s  - Many b ladde r  systems similar t o  
a Mission A? system have been developed, q u a l i f i c a t i o n  t e s t e d ,  and 
flown. The-Apollo Lunar Module, Command Module and Se rv ice  Module 
t h e  S-IVB Aux i l i a ry  Propuls ion System, and Lunar O r b i t e r  are prime 
examples. The Mariner ' 7 1  p ropu l s ion  tankage i s  c u r r e n t l y  under 
development f o r  a mission s i m i l a r  t o  Mission A2.  There has been 
no bladder  o r  diaphragm development test experience w i t h  t h e  n i -  
t r a t e d  hydrazine.  The Mission B d u r a t i o n ,  which i s  an o r d e r  of 
magnitude g r e a t e r  than any c u r r e n t  experience,  i s  t h e  b i g g e s t  r i s k  
f a c t o r  and polymeric materials are n o t  considered a t t ract ive a t  
t h e  p r e s e n t  t i m e .  F u l l - s c a l e  geometry t e s t i n g  of any polymeric 
b l adde r  o r  diaphragm designs f o r  Mission A2 can and should b e  per- 
formed i f  they are s e l e c t e d  f o r  use.  

The tes t  experience wi th  polymeric materials f o r  use 
wi th  OF2 o r  B2Hg cryogenic p r o p e l l a n t s  has  shown numerous compati- 
b i l i t y  and s t r u c t u r a l  problem areas. A t  t h i s  t i m e ,  t h e  use of 
polymeric b l adde r s  o r  diaphragms cannot be recommended f o r  Mission - 
A I .  The product  level development of polymeric f i l m s  capable of 
chemical c o m p a t i b i l i t y  w i t h  t h e  Mission A1 p r o p e l l a n t s ,  wh i l e  
s a t i s f y i n g  t h e  s t r u c t u r a l  i n t e g r i t y  and performance requirements 
imposed by t h e  cryogenic environment, are n o t  envis ioned w i t h i n  
the  1975 t i m e  pe r iod  (Ref 111-5 and 111-7). 

D i l e c t r i x  (Ref 111-6) i n d i c a t e d  several s t a t e -o f - the -  
a r t  advances t h a t  may be a n t i c i p a t e d  f o r  t h e  1975 t i m e  pe r iod .  
Inc reas ing  molecular  weight of t he  r a w  polymer s i g n i f i c a n t l y  i n -  
creases f l e x  f a t i g u e  l i f e  of t h e  Teflon f i l m  s t r u c t u r e s .  A t  least  
an o r d e r  of magnitude i n c r e a s e  i n  f l e x  f a t i g u e  l i f e  i n  Teflon f i l m  
composites f a b r i c a t e d  from a high molecular weight FEP d i s p e r s i o n  
w a s  measured i n  r o l l i n g  f o l d  c rease  tests a t  12°F. F u r t h e r  i m -  
provements may be gained by opt imizing t h e  molecular weight of 
t h e  TFE f a c t i o n ,  Add i t iona l  advances i n  the  p h y s i c a l  i n t e g r i t y  
of polymeric f i l m s  may invo lve  t h e  i n c o r p o r a t i o n  of compatible 
f i b r i l s  w i t h i n  the  f i l m  s t r u c t u r e .  

*The Trans tage b i p r o p e l l a n t  ACS b l a d d e r s  w e r e  cons t ruc t ed  of 
unbonded p l i e s  of Teflon,  s e a l e d  a t  t h e  neck on ly .  H e l i u m  per- 
meating t h e  o u t e r  p l i e s  formed gas pockets  t rapped between t h e  
p l i e s ,  The gas  would then appear l a te r  on t h e  p r o p e l l a n t  s i d e  
a f t e r  permeating t h e  i n n e r  p l i e s .  Mariner '71 uses  all-bonded 
b l adde r s  w i th  no space between p l i e s  which appears t o  have a ided  
l e a k  checking 
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C, METALLIC BLADDERS AND DIAPHRAGMS 
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The o p e r a t i o n a l  p r i n c i p l e  f o r  t h e s e  expuls ion devices  i s  s i m -  
i l a r  t o  t h e  polymeric b l adde r s  and diaphragms, as d i scussed  i n  
Sec t ion  B e  Liquid expuls ion is  achieved by c o l l a p s i n g  o r  expand- 
ing  a t h i n  m e t a l  b a r r i e r  l o c a t e d  w i t h i n  t h e  p r o p e l l a n t  tank.  Me- 
t a l l i c  b l adde r s  developed t o  d a t e ,  completely enc lose  t h e  propel- 
l a n t  and c o l l a p s e  under a p o s i t i v e  d i f f e r e n t i a l  p re s su re  a p p l i e d  
a c r o s s  t h e  t h i n  b a r r i e r  during expuls ion e 
systems do no t  completely enc lose  t h e  p r o p e l l a n t  and allow pro- 
p e l l a n t  con tac t  w i t h  the  tank,  Diaphragms are a v a i l a b l e  i n  a t  
least two b a s i c  b a r r i e r  designs:  a preformed, m e t a l  s h e e t  which 
unfolds  i n t o  t h e  p r o p e l l a n t  s i d e ;  and a preformed, m e t a l  envelope 
which conforms t o  one-half of t h e  s t o r a g e  tank and reverses i t s e l f  
during expuls ion.  

M e t a l l i c  diaphragm 

The m e t a l  b a r r i e r  e l imina te s  t h e  permeation problems posed by 
t h e  polymeric b l adde r s  and diaphragms and ensures  more p o s i t i v e  
c o n t r o l  ( c o n s t r a i n s  movement) of t h e  p r o p e l l a n t .  A s  wi th  t h e  
polymeric dev ices ,  a p h y s i c a l  b a r r i e r  separates t h e  u l l a g e  and 
p r o p e l l a n t ,  which e l i m i n a t e s  any i n t i m a t e  con tac t  problems, e . g ,  
p r e s s u r a n t  s o l u b i l i t y .  On the  o t h e r  hand, t h e  m e t a l l i c  diaphragms 
and b l adde r s  are much more s e n s i t i v e  t o  f l e x i n g ,  which work hard- 
ens t h e  metal and tends t o  produce pinholes  and cracks.  A s  men- 
t i oned ,  t h e  m e t a l  b a r r i e r  a f f o r d s  a b e t t e r  c o n s t r a i n t  on l i q u i d  
movement than does a polymeric dev ice ,  b u t  f l e x i n g  w i l l  r e s u l t  
under c y c l i c ,  unsymmetrical, and impulsive f o r c e s .  Thermal cy- 
c l i n g  is  a l s o  a c r i t i c a l  c o n s i d e r a t i o n  s i n c e  i t  causes f l e x i n g  
of t h e  metal due t o  expansion and c o n t r a c t i o n  of t h e  p r o p e l l a n t .  

The ma jo r i ty  of t h e  development work t o  d a t e  on t h e s e  m e t a l -  
l i c  b a r r i e r  systems has  n o t  been aimed a t  p l ane ta ry  missions b u t ,  
r a t h e r ,  a t  t a c t i c a l  weapons systems. The l a t t e r  u s u a l l y  r e q u i r e  
a s i n g l e ,  complete expuls ion.  The p l a n e t a r y  missions considered 
i n  t h i s  program have a m u l t i p l e  p a r t i a l - e x p u l s i o n  requirement 
w i th  expuls ions sepa ra t ed  by days and even y e a r s .  For Mission B ,  
t h e  diaphragm o r  b l adde r  would b e  almost fully-expanded o r  col-  
l apsed  f o r  a low-g pe r iod  of 912 days p r i o r  t o  the  f i n a l  engine 
burn (Table 1 1 - l ) ,  A s  a r e s u l t ,  f l e x i n g  of t h e  m e t a l l i c  b a r r i e r  
i s  of much g r e a t e r  concern with t h e  p l a n e t a r y  missions.  

Various techniques are used w i t h  t ac t ica l  weapons systems t o  
e l i m i n a t e  (or  a t  least minimize) f l e x i n g  p r i o r  t o  p r o p e l l a n t  ex- 
p u l s i o n ,  One method i s  t o  evacuate  t h e  p r e s s u r a n t  s i d e  of t he  
b l adde r  o r  diaphragm, The r e s u l t i n g  p r e s s u r e  d i f f e r e n t i a l  (vapor 
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Note: I n f o r m a t i o n  f o r  t h i s  f i g u r e  

MCR- 70 -1 7 1 

imparted t o  t h e  diaphragm 

p r e s s u r e  on t h e  p r o p e l l a n t  s i d e  and vacuum on t h e  p re s su ran t  s i d e )  
minimizes f l e x i n g  by holding t h e  metal  membrane a g a i n s t  t h e  tank 
w a l l ,  The p l a n e t a r y  missions,  howeverg r e q u i r e  t h a t  t h e  propel- 
l a n t  tanks be p r e s s u r i z e d  p r i o r  t o  launch,  which precludes t h e  
use of such techniques.  
s u r i z a t i o n  and t h e  p r o p e l l a n t  occupies only h a l f  of t h e  tank vol-  
ume a t  launch, 

I n  f a c t ,  Mission B uses  blowdown pres-  

1. System D e s c r i p t i o n  and O p e r a t i o n  

Five d i f f e r e n t  metal l ic  b l adde r  and diaphragm systems devel- 
oped o r  under development are b r i e f l y  desc r ibed  i n  t h e  fol lowing 
paragraphs.  

,kOne cyc le  i s  two complete reversals, 
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Near perpendicular base area - High 
s t r a i n  due t o  i n a b i l i t y  o f  r i n g s  t o  
c l e a r  one another e f f e c t i v e l v  and 
l a r g e  t u r n i n g  angle o f  diaphragm 

Righ t  angle corner  leads 
t o  h igh  concentrated s t ress  

DESIGN B 

I Note: In fo rmat ion  f o r  t h i s  f i g u r e  was 1- s u m l i e d  bv Arde. Inr. 

- Le@: 
@ Cone Angle (14.5, 17.5, 

o r  25 degrees) 
Design A 1 t o  3 Reversal L i f e  Basic 

Hemi spher ica l  Design 

Design B Higher Cycle L i f e  Design 
w i t h  Incorpora ted  Cone 
Angle and Turning Radius 

Figure 111-7 Design Changes t o  Provide 
Higher Cycle Life 

F i  g w e  

Note: In format ion f o r  t h i s  f i g u r e  was 
suppl ied by Arde, Inc.  

- 

@ Diaphragm Reinforc ing 

@ Pressur izat ion Por t  

&: 
m Cone Angle @ Diaphragm 
L Length o f  Tank @ Tank Shel l  
D D:ameter o f  Tank 
H Height  o f  Cone Sect ion 

Heignt of 
C.ip Section @ Propel lant  Outflow Por t  

r Width o f  Spherical 
Cap Section 

Rings 

I I 1-23 R i  ng-Rei nforced Diaphragm, 
Conospheroid Tank Assembly 

were achieved, The hemispherical  
diaphragm attachment t o  t h e  tank 
was n e a r l y  pe rpend icu la r ,  as 
shown, The s h e l l  w a s  modified 
i n  t h e  nex t  development s t e p  t o  
i n c o r p o r a t e  a cone ang le  (6) a t  
i ts  base  and a tu rn ing  r a d i u s  a t  
the attachment p o i n t  (Fig.  111-7, 
design b)  I n c l u s i o n  of t h e  cone 
ang le  converts  t h e  hemisphere t o  
a conospheroid which reduces 
s t r a i n  hardening s i n c e  r i n g  
c l ea rance  is  inc reased  and t h e  
tu rn ing  ang le  a t  t h e  b a s e  of t h e  
diaphragm is  reduced, Arde pres-  
e n t l y  s u p p l i e s  diaphragms (L/D 
of u n i t y )  w i th  cone ang le s  of 
14.5 and 17.5 degrees (Ref III- 
6 1 ) .  Three t o  f i v e  reversals I 

have been achieved with t h e  14,5- 
degree cone ang le  des ign ,  wh i l e  
f i v e  t o  seven reversals have been 
demonstrated wi th  t h e  17.5-degree 
design us ing  water, hydrazine,  
and l i q u i d  hydrogen as t h e  test 
f l u i d s .  A 25-degree design is  
being developed t o  demonstrate 
20 reversals (10 cyc le s )  Ref 
TII-60 a 

Arde has  developed 
diaphragms f o r  a p p l i c a t i o n  t o  
conospheroid tanks)k us ing  a 
cone a n g l e  of 10 degrees (Fig.  
111-8). The 10-degree ang le  
is  t h e  lowest p r a c t i c a l  s i z e  
t o  o b t a i n  a t  least  one rever- 
s a l  when L/D > 1 (Ref 111-60)* 
A s  w i th  t h e  L/D = 1 des igns ,  
an i n c r e a s e  i n  cone ang le  in-  
creases c y c l e  l i f e  b u t  pre- 
s e n t s  p o s s i b l e  p e n a l t i e s  i n  

*A conospheroid tank i s  
used r a t h e r  than a c y l i n d r i -  
cal  tank t o  y i e l d  a g r e a t e r  
volumetr ic  e f f i c i e n c y .  
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volumetr ic  e f f i c i e n c y  and packaging geometry ( t h e  g r e a t e r  t h e  
cone a n g l e p  t h e  more t h e  conospheroid tank d e v i a t e s  from a cy l in -  
de r )  

For  t h e  14.5- and 17.5-degree s p h e r i c a l  and t h e  10-degree 
conospheroid des igns ,  t h e  maximum expuls ion  e f f i c i e n c y  wi thout  
p l a s t i c a l l y  deforming t h e  diaphragm i s  95 t o  96% (Ref 111-60)* 
It i s  p o s s i b l e  t o  o b t a i n  a g r e a t e r  e f f i c i e n c y  ( t o  99.5%) by p l a s -  
t i c a l l y  deforming t h e  diaphragm, A p r e s s u r e  d i f f e r e n t i a l  on t h e  
o rde r  of 200 p s i  i s  r e q u i r e d  (Ref 111-62) f o r  such deformation 
compared t o  an a c t u a t i o n  p r e s s u r e  d i f f e r e n t i a l  on t h e  o r d e r  of 
10 p s i  w i thou t  deformation,  

The RRD system des ign  can s a t i s f a c t o r i l y  accommodate some 
f l e x i n g  of t h e  t h i n  m e t a l  b a r r i e r ,  S ince  f o r  t h i s  s tudy  t h e  tanks  
are t o  be  p re s su r i zed  p r i o r  t o  launch (with no u l l a g e  on t h e  l i q -  
u id  s i d e ) ,  t h e  diaphragm w i l l  b e  sub jec t ed  t o  f l e x i n g  correspond- 
i n g  t o  s h i f t s  i n  p r o p e l l a n t  volume f o r  t h e  e n t i r e  miss ion ,  inc lud-  
i n g  prelaunch.  P a r t i a l  reversal  t e s t  d a t a  show t h a t  f o r  1% vol-  
ume change* t h e  RRDs have undergone 5800 c y c l e s  b e f o r e  t h e  
appearance of p inholes  (Ref 111-61); however, f o r  30% volume 
changesg p inholes  appeared a f t e r  only 16 cyc le s  (Ref 111-60)e 
The d r a s t i c  change i n  cyc le  l i f e  i s  due t o  t h e  f ac t  t h a t  f o r  a 
1% volume change t h e  r e i n f o r c i n g  r i n g s  do n o t  reverse upon them- 
selves and t h e  unsupported diaphragm area i s  only  sub jec t ed  t o  
an ' o i l  canning'  e f f e c t .  O i l  canning i s  independent of how f a r  
t h e  expuls ion  process  has  proceeded, i e e n 9  t h e  number of r i n g s  
reversed  and t h e  p r o p e l l a n t  remaining, For example, even i f  t h e r e  
were only  3% of t h e  p r o p e l l a n t  l e f t ,  t h e  1% volume cyc l ing  capa- 
b i l i t y  i s  s t i l l  a v a i l a b l e ,  A s  evidenced by t h e s e  d a t a ,  t h e  sever- 
i t y  of thermal  cyc l ing  wi th  t h e  r ing- re inforced  diaphragms i s  de- 
pendent upon bo th  t h e  magnitude and frequency of t h e  temperature  
s h i f t s  dur ing  t h e  miss ions .  The temperature  s h i f t s  corresponding 
t o  t h e  1% volume change are approximately 5"R f o r  Mission A I ,  10"R 
f o r  Mission A2$ and 23"R f o r  Mission B ,  The s l o s h  loads  t h a t  may 
be  encountered dur ing  t h e  va r ious  missions appear  t o  be  a lesser 
problem than  t h e  thermal  c y c l i n g ,  The e l a s t i c  l i m i t  of t h e  s t a i n -  
less s teel  diaphragm (Ref 111-60) can suppor t  a r e l a t i v e l y  l a r g e  
s t r a i n .  T e s t  d a t a  f o r  a n  18-in. diaphragm t h a t  underwent s losh-  
i n g  i n  bo th  t h e  yaw and p i t c h  axes ( l i n e a r  motion of L1.5 i n .  a t  
3.75 cps)  dur ing  outf low show no measurable degrada t ion  i n  t h e  
expuls ion  performance, i , e , ,  t h e  expuls ion  e f f i c i e n c y  and number 
of reversals a t t a i n e d  w e r e  i d e n t i c a l  t o  a diaphragm n o t  sub jec t ed  
t o  s l o s h  (Ref 111-61) 

*Based upon t h e  t o t a l  volume (capac i ty )  of t h e  diaphragm sys-  
t e m ,  
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b .  Convoluted S p h e r i c a l  Diaphragm - A convoluted s p h e r i c a l  
diaphragm (CSD) is  composed of a series of c i r c u l a r  convolut ions 
formed from t h i n  aluminum s h e e t .  The diaphragm i s  p o s i t i o n e d  i n  
t h e  e q u a t o r i a l  p l ane  of a s p h e r i c a l  tank and expands during ex- 
p u l s i o n  t o  conform t o  one-half of t h e  tank.  Therefore ,  two d ia -  
phragms are needed p e r  tank i f  t h e  e n t i r e  p r o p e l l a n t  tank volume 
i s  t o  b e  expe l l ed  (Missions A1 and A 2 ) ;  t h i s  r e q u i r e s  two propel- 
l a n t  o u t l e t s .  

The CSD o p e r a t e s  as a t e n s i l e  s t r a i n - f r e e  membrane. 
Aerosystems Company r e p o r t s  t h a t  by designing t h e  convolut ion,  as 
shown i n  F igu re  111-9, no membrane s t r a i n  is  introduced during 
expansion (Ref 111-63). The node of each convolut ion t ends  t o  
move i n  a s t r a i g h t  l i n e  during expansion (Ref 111-10) w i t h  t h e  
only s t r a i n  r e s u l t i n g  from bending. Diaphragm configurat ions-  t h a t  
experience l i t t l e  (or  no) s t r e t c h i n g ,  such as t h e s e ,  r e q u i r e  a 
r e l a t i v e l y  low d i f f e r e n t i a l  p r e s s u r e  (on t h e  o rde r  of 2 p s i )  f o r  
expansion (Ref 111-63). For a 2-psi d i f f e r e n t i a l  p r e s s u r e ,  an 
expuls ion e f f i c i e n c y  of 98% can b e  ob ta ined .  For g r e a t e r  expul- 
s i o n  e f f i c i e n c i e s  (99.5%, o r  more) a AP of 1 4  p s i  is  needed t o  
p l a s t i c a l l y  deform t h e  diaphragm (Ref 111-63). 

B e l l  

CONSTANT DEPTH CONSTANT PITCH 

c 

CONS TAN T DE V E LO P E D LEN GTH 

F i g u r e  111-9 C o n v o l u t e d  D i a p h r a g m  D e s i g n  
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The recommended o p e r a t i o n a l  procedure t o  reduce f l e x i n g  
p r i o r  t o  expu l s ion  is  t o  provide a vapor r eg ion  on both l i q u i d  
s i d e s  of t h e  diaphragms w i t h  t h e  p r e s s u r a n t  s i d e  evacuated. This  
creates a p r e s s u r e  d i f f e r e n c e  tending t o  hold t h e  diaphragms 
a g a i n s t  one ano the r  p r o h i b i t i n g  diaphragm movement due t o  propel-  
l a n t  thermal expansion, v i b r a t i o n ,  and s l o s h ,  However, t h i s  ap- 
proach is  n o t  a p p l i c a b l e  t o  t h i s  s tudy  due t o  t h e  p r e s s u r i z a t i o n  
and m u l t i p l e  burn requirements.  A c e r t a i n  degree of thermal cy- 
c l i n g  can b e  s a t i s f a c t o r i l y  t o l e r a t e d  w i t h  t h e s e  devices  (Ref 
111-63 and 111-64). Also,  t h e  dev ice  i s  capable  of p a r t i a l  ex- 
pu l s ions  encompassing volume s h i f t s  t o  as much as 20% of t h e  maxi- 
mum loadab le  p r o p e l l a n t .  
t r adeof f  between t h e  number of cyc le s  and t h e  magnitude of t h e  
volume s h i f t s  f o r  t h e s e  c y c l e s .  No d a t a  are a v a i l a b l e  f o r  t h e  
CSD under v i b r a t i o n  and s l o s h  under a p r e s s u r i z e d  cond i t ion ,  

A s  w i t h  t h e  RRD des igns ,  t h e r e  i s  a 

c. Telephragm - The B e l l  Telephragm is  a t e l e s c o p i n g ,  r o l l i n g  
aluminum diaphragm l i m i t e d  t o  c y l i n d r i c a l  tankage. 
i ng ,  t h e  c y l i n d r i c a l  b a r r i e r  is  t e l e scoped  i n t o  c o n c e n t r i c  cy l in -  
de r s ,  each w i t h  i t s  predetermined r o l l  r a d i u s ,  The Telephragm 
ope ra t e s  on t h e  same p r i n c i p l e  as a r o l l i n g  diaphragm -- t h e  r o l l -  
i ng  of a thin-wal l ,  d u c t i l e  tube over a developed r o l l  r a d i u s  (Ref 
111-65). This  w i l l  occur under a c o n s t a n t  a x i a l  f o r c e  ( c r i t i c a l  
r o l l i n g  l o a d ) .  The magnitude of t h e  f o r c e  i s  a f u n c t i o n  of tube 
diameter ,  w a l l  t h i ckness ,  r o l l i n g  r a d i u s ,  and mater ia l  p r o p e r t i e s .  

During form- 

Liquid expuls ion,  as provided by t h e  Telephragm, i s  i l l u s -  
t r a t e d  i n  F igu re  111-10. Expulsion beg ins  wi th  t h e  r o l l i n g  of 
t h e  outer-convolut ion around its r o l l  r a d i u s .  A d i f f e r e n t i a l  
p r e s s u r e  on t h e  o r d e r  of 15 p s i  i s  r e q u i r e d  f o r  ope ra t ion ;  t h i s  
AP w i l l  provide an expu l s ion  e f f i c i e n c y  of about 91% (Ref 111-66). 
The remainder of t h e  expu l s ion  i s  performed by p l a s t i c a l l y  expand- 
ing  t h e  unfolded Telephragm convolutes  a g a i n s t  t h e  tank w a l l  and 
a f t  bulkhead, Expulsion e f f i c i e n c i e s  t o  98,5% can b e  obtained 
(Ref 111-65) b u t  only w i t h  d i f f e r e n t i a l  p r e s s u r e s  of 200 p s i  o r  
more (Ref 111-66)a A r e v e r s i n g  end-dome can b e  inco rpora t ed  i n  
t h e  diaphragm t o  improve t h e  vo lumet r i c  e f f i c i e n c y .  Volumetric 
e f f i c i e n c i e s  t o  94% are a t t a i n a b l e  (Ref 111-65) e 

A s  wi th  t h e  CSD des ign ,  t h e  p r e f e r r e d  Opera t iona l  proce- 
dure i s  t o  avoid diaphragm movement p r i o r  t o  expu l s ion  by provid- 
i ng  a vapor u l l a g e  on t h e  l i q u i d  s i d e  of t h e  diaphragm whi l e  evac- 
u a t i n g  t h e  p r e s s u r a n t  s i d e  (Ref 111-65). The p r e s s u r e  d i f f e r e n c e  
w i l l  tend t o  hold t h e  Telephragm f i r m l y  a g a i n s t  t h e  tank w a l l  u n t i l  
t h e  p o i n t  of p r e s s u r i z a t i o n  and expu l s ion ,  However, as d i scussed  
earlier, t h e  p r o p e l l a n t  tanks f o r  t h i s  s tudy  w i l l  b e  p r e s s u r i z e d  
p r i o r  t o  launch,  The Telephragm, as opposed t o  t h e  RRD and CSD 
can t o l e r a t e  l i t t l e ,  o r  no, f l e x i n g  of t h e  diaphragm due t o  the r -  
m a l  expansiong s l o s h ,  and v i b r a t i o n  o r  m e t a l  f a t i g u e  w i l l  r e s u l t  
(Ref 111-65)e A s  a r e s u l t ,  t h e  Telephragm is  n o t  recommended f o r  
t h e  p l a n e t a r y  missions under c o n s i d e r a t i o n ,  
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w: 

P i s t o n  Head 

Diaphragm (Ou te r  and I n n e r )  

Bonding Agent 

Cen te r  Guide Tube 

2R; R = 2A ( 2  t o  1 e l l i p t i c a l  
end dome) 

0 

H h i t h z ; L = H + R  

- Hote: 1. M i s s i o n  A1 8 A*: h, = 0; Vol l  = P r o p e l l a n t  Volume 
Vol, i n c l u d e s  10% u l l a g e .  

2. M i s s i o n  B: V o l i  = Vol,; Vol, = P r o p e l l a n t  Volume 
Vol i n c l u d e s  p r e s s u r a n t  
v o l i m e  (blowdown system) 

Figure 111-11 Bonded Rolling 
D i  aphragm Sys tem Geometry 

d e  Bonded Ro l l ing  D i a -  
phragms - A bonded r o l l i n g  
diaphragm (BRD) c o n s i s t s  of 
a t h i n ,  1100 aluminum, cy- 
l i n d r i c a l  diaphragm approxi- 
mately h a l f  t h e  l e n g t h  of t h e  
c y l i n d r i c a l  tank (Fig III- 
1 1 ) .  The diaphragm a t t a c h -  
ment p o i n t  i s  n e a r  t he  mid- 
p l a n e  of t h e  c y l i n d r i c a l  
t ank ,  When p r e s s u r i z e d ,  t he  
diaphragm r o l l s  through t h e  
tank i n v e r t i n g  i t s e l f  and 
e x p e l l i n g  p r o p e l l a n t .  The 
major problem wi th  t h i s  kind 
of dev ice  is  t h a t  i t  i s  sub- 
j ec t  t o  buckl ing i f  t h e  
p r e s s u r e  d i f f e r e n t i a l  during 
expu l s ion  exceeds t h e  col-  
l a p s i n g  p r e s s u r e  of t h e  d i a -  
phragm, One s o l u t i o n  t o  
t h i s  type of problem i s  t o  
bond the  diaphragm t o  t h e  
t ank  w a l l  w i th  an agen t .  
This  produces both a r o l l i n g  
and p e e l i n g  p rocess  (Ref 

111-67 and 111-68). The bonding agent  p reven t s  t h e  p r e s s u r a n t  gas 
from a c t i n g  on t h e  s i d e s  of t h e  diaphragm and c o l l a p s i n g  t h e  d i a -  
phragm. 
(Ref 111-68) and should be a p p l i c a b l e  f o r  Mission A2 and B. 
Silver has  a l s o  been s a t i s f a c t o r i l y  t e s t e d  (Ref 111-67) as a bond- 
ing  agent  and i s  proposed f o r  Mission A I ,  due t o  the  low tempera- 
t u r e  requirement.  

Teflon has  been s u c c e s s f u l l y  used as a bonding agent  

R o l l i n g  diaphragms, as shown i n  F igu re  111-11, are a p p l i -  
cab le  only t o  c y l i n d r i c a l  tanks.  
both a center-guide tube and 2-to-1 e l l i p t i c a l  end domes, The 
guide tube s t a b i l i z e s  t h e  pis ton-type head (prevents locking)  dur- 
i n g  expu l s ion  (Ref 111-67 and 111-69)* The 2-to-1 e l l i p t i c a l  end 
domes u s u a l l y  r e s u l t  from a compromise between vo lumet r i c  e f f i -  
c iency,  tank weight ,  and diaphragm ope ra t ion ,  A f l a t  p i s t o n  head 
on t h e  diaphragm i s  b e s t  cons ide r ing  only diaphragm o p e r a t i o n  
(Ref 111-68); however, i f  f l a t - e n d  tanks were used t o  ga in  i n  
volumetr ic  e f f i c i e n c y ,  weights  would b e  extreme. Hemispherical  
end-domes are advantageous from a m a s s  s t andpo in t  b u t  r e s u l t  i n  
poor vo lumet r i c  e f f i c i e n c y ,  i f  a f l a t  p i s t o n  head i s  usedg o r  poor 
ope ra t ing  c h a r a c t e r i s t i c s  due t o  lateral  loads a c t i n g  on t h e  pfs-  
t on  head, i f  a hemispherical  p i s t o n  head i s  used (Ref 111-68)0 
A 2-to-1 e l l i p t i c a l  p i s t o n  head wi th  a 2-to-1 e l l i p t i c a l  dome tank 
i s  t h e  b e s t  c o n f i g u r a t i o n  f o r  t h i s  program, 

These designs u s u a l l y  i n c l u d e  
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Based on a design s imilar  t o  t h a t  shown i n  F igu re  111-11, 
an expu l s ion  e f f i c i e n c y  of 99.5% and a vo lumet r i c  e f f i c i e n c y  of 
about 82% are a t t a i n a b l e  f o r  t h e  b a s e l i n e  p l a n e t a r y  mis s ions .  An 
expuls ion e f f i c i e n c y  t o  about 98% w i l l  r e q u i r e  a AP of approxi- 
mately 25 p s i .  For t h e  99.5% expu l s ion  e f f i c i e n c y  l e v e l ,  which 
r e s u l t s  only w i t h  p l a s t i c  deformation of t h e  diaphragm, a AP of 
about 40 p s i  i s  needed. 

A s  w i t h  t h e  CSD and Telephragm dev ices ,  t h e  p r e f e r r e d  op- 
e r a t i o n a l  procedure t o  avoid f l e x i n g  p r i o r  t o  expuls ion,  i s  t o  
provide an u l l a g e  volume on t h e  l i q u i d  s i d e  of t h e  device.  The 
device i s  h e l d  a t  t h e  w a l l  of t h e  tank by t h e  bonding agent and 
t h e  p r e s s u r e  d i f f e r e n t i a l .  
requirements f o r  t h e  b a s e l i n e  missions of t h i s  s tudy p rec lude  use  
of t h i s  technique,  and f l e x i n g  i s  a s e r i o u s  des ign  cons ide ra t ion .  

The p r e s s u r i z a t i o n  and m u l t i p l e  burn 

e. Transverse Collapsing Bladders - The t r a n s v e r s e  c o l l a p s i n g  
b l adde r  (TCB) system, as desc r ibed  i n  Reference 111-70, c o n s i s t s  
of a p r e s s u r e  s h e l l  and a deformable b l adde r .  
i nc ludes  p r e s s u r e  and d i scha rge  f i t t i n g s ,  mounting p r o v i s i o n s ,  
i n d i c a t o r s ,  and in s t rumen ta t ion  p o r t s .  The p r e s s u r e  s h e l l  i s  t h e  
primary tank s t r u c t u r e ,  and s e r v e s  as a c o n t a i n e r  f o r  t h e  b l adde r  
and b a s e  f o r  mounting f i t t i n g s ,  e t c .  The s h e l l  can b e  designed 
as e i t h e r  an all-welded, s ing le -use  s t r u c t u r e  o r  a f l anged ,  re- 
f u r b i s h a b l e  s t r u c t u r e  (Ref 111-70). S h e l l  c o n s t r u c t i o n  materials 
inc lude  aluminum (convent ional  t ankage ) ,  t i t a n i u m  (more s o p h i s t i -  
ca t ed  d e s i g n s ) ,  and s t a i n l e s s  o r  maraging steels (high tempera- 
t u r e  a p p l i c a t i o n s ) .  The TCB system i s  l i m i t e d  t o  c y l i n d r i c a l  
tanks;  an L/D as low as 1.1 can b e  used (Ref 111-71  t h r u  111-73). 

Support hardware 

The deformable b l adde r  i s  comprised of t h i ck -  and t h i n -  
w a l l  h a l v e s  of 1100-0 aluminum j o i n e d  by a l o n g i t u d i n a l  g i r t h  
weld. An o u t l e t  f i t t i n g  is  l o c a t e d  i n  t h e  t h i c k e r  h a l f .  The 
t h i n  b l adde r  h a l f  i s  the  deforming s e c t i o n .  During expu l s ion ,  
reversal occurs  on a t r a n s v e r s e  p l ane  u n t i l  t h e  t h i n  h a l f  n e s t s  
w i t h i n  t h e  nondeforming b l a d d e r  h a l f  a t  p r o p e l l a n t  d e p l e t i o n  
(Ref 111-70). A t y p i c a l  expu l s ion  c y c l e  i s  shown i n  F igu re  111-12, 

The i n i t i a l  expuls ion p r e s s u r e  d i f f e r e n t i a l  a c r o s s  t h e  

To 
b ladde r  (10-in. diameter tank) is  2 t o  3 p s i  and i n c r e a s e s  t o  8 
t o  10 p s i  i n  accomplishing an expu l s ion  e f f i c i e n c y  t o  98%, 
achieve a g r e a t e r  expu l s ion  performance, t h e  d i f f e r e n t i a l  pres-  
s u r e  i n c r e a s e s  t o  about 16 p s i ,  t o  p l a s t i c a l l y  deform t h e  bladdel: 
a g a i n s t  t h e  tank s h e l l .  With p l a s t i c  deformation, an  expuls ion 
e f f i c i e n c y  t o  99.5% can b e  ob ta ined .  
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FULL %20% 1~40% 1~70% %go% 1~98% + 
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- Note: Information supplied by Aerojet Liquid Rocket Company. 

Figure 111-12 Typical Expulsion C c l e  f o r  a Transverse Collapsing 
B1 adder (Ref I I1 -74 7 

A s  w i th  t h e  BRD and Telephragm, t h e  TCB has  l i t t l e ,  o r  
no, f l e x i n g  c a p a b i l i t y .  (Aerojet  has proposed t h e  i n c o r p o r a t i o n  
of a bellows a t t a c h e d  t o  t h e  tank (Ref 111-74). The bellows would 
provide t h e  a d d i t i o n a l  volume when t h e  p r o p e l l a n t  expands.) 

2 .  System Evaluation 

Based upon t h e  d i s c u s s i o n  p resen ted  i n  P a r t  1, only t h e  RRD 
and CSD are considered t o  be candidates  f o r  t h e  p l a n e t a r y  missions;  
t h e s e  systems are eva lua ted  f u r t h e r  i n  t h e  fol lowing paragraphs.  
The more l i m i t e d  f l e x i n g  c a p a b i l i t y  of t h e  Telephragm, BRD, and 
TCB e l imina ted  t h e s e  systems from f u r t h e r  c o n s i d e r a t i o n .  

a ,  R e l i a b i l i t y  - Both t h e  RRD and CSD are p o s i t i v e  d i sp lace -  
ment devices  - * .  they r e l y  upon movement: of t h e  t h i n ,  metal bar-  
rier t o  expe l  l i q u i d .  The i r  c a t a s t r o p h i c  f a i l u r e  mode i s  a dia-  
phragm r u p t u r e .  The occurrence of p inho les  i n  t h e  diaphragm con- 
s t i t u t e s  an  anomalous f a i l u r e  f o r  t h e  RRD.  These p inho les  occur  
a f t e r  several reversals from work hardening of t h e  diaphragm mate- 
r i a l ,  
cyc le  l i f e  is  n e g l i g i b l e ,  
achieved seven complete reversals wi th  LH2 (-423"F), which com- 
pares i d e n t i c a l l y  t o  t h e  number achieved a t  normal o p e r a t i n g  t e m -  
p e r a t u r e s  of 40 t o  90°F (Ref 111-61 and 111-75). 

The e f f e c t  of system temperature  level on p inho l ing  and 
Under an  A i r  Force program, an RRD 
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S m a l l  cracks r e s u l t i n g  e i t h e r  from diaphragm d e f e c t s  o r  
off-nominal expansion ( p l a s t i c  deformation due t o  cocking, e t c )  
of t h e  diaphragm c o n s t i t u t e  an anomalous f a i l u r e  f o r  t h e  CSD. 
De tec t ion  of s m a l l  cracks i s  d i f f i c u l t  because t h e r e  i s  no e f f e c -  
t ive  way of checking wi thou t  an  expuls ion tes t ;  s i n c e  t h e  CSD 
cannot b e  cycled,  an expuls ion test  cannot b e  performed. With 
proper  q u a l i t y  c o n t r o l  measures, s m a l l  c r acks  due t o  material  
imperfect ions w i l l  n o t  occur (Ref 111-64); a l s o ,  t h e  diaphragm 
can b e  designed s o  i t s  th i ckness  can t o l e r a t e  some s m a l l  d e n t s  
and s c r a t c h e s  (during assembly and i n s t a l l a t i o n )  as w e l l  as some 
l i m i t e d  asymmetric movement. 

b .  Mass - A summary of system mass f o r  t h e  RRD i s  p resen ted  
i n  Table 111-6. 
i s t i n g  designs t o  t h e  s i z e s  considered i n  t h e  s tudy.  For t h e  
s p h e r i c a l  tanks,  17.5-degree cone ang le  diaphragms were used. No 
change i n  th i ckness  w a s  considered when a change i n  material w a s  
made. System m a s s  c o n s i s t s  of t h e  diaphragm weight ,  weight of 
nonexpel lable  p r o p e l l a n t  (ou tage ) ,  weight of a d d i t i o n a l  subsystems 
(such as sc reens  over t h e  tank o u t l e t ) ,  and a d d i t i o n a l  weight  re- 
qu i r ed  due t o  changes i n  tank shape from t h e  b a s e l i n e .  The outage 
pena l ty  w a s  based upon an  expuls ion e f f i c i e n c y  of 95.5% due t o  t h e  
maximum al lowable p r e s s u r e  d i f f e r e n t i a l  ( ac ross  t h e  diaphragm) f o r  
t h e  b a s e l i n e  missions being less than t h a t  needed t o  p l a s t i c a l l y  
deform t h e  diaphragm. The need f o r  a s c r e e n ,  o r  p e r f o r a t e d  p l a t e ,  
over t h e  tank o u t l e t  t o  prevent  gas i n g e s t i o n  during expuls ion is 
d i scussed  la ter  i n  t h i s  s e c t i o n .  

Diaphragm weights  w e r e  ob ta ined  by s c a l i n g  ex- 

Table 111-7 p r e s e n t s  t h e  CSD system m a s s  f o r  t h e  d i f f e r -  
e n t  b a s e l i n e  missions.  Diaphragm weights  were based on 1100 alu-  
minum having a th i ckness  of 0.035 i n .  Two diaphragms p e r  tank 
w e r e  used f o r  Missions A1 and A2. Since Mission B uses  a blow- 
down p r e s s u r i z a t i o n  system wi th  a 50 pe rcen t  i n i t i a l  u l l a g e ,  only 
one diaphragm i s  r equ i r ed .  The system weight i nc ludes  p r o p e l l a n t  
outage based on an  expuls ion e f f i c i e n c y  of 98%, weight f o r  addi- 
t i o n a l  subsystems such as s c r e e n s  over t h e  tank o u t l e t ,  and weight 
r equ i r ed  f o r  mounting t h e  diaphragms i n  t h e  t anks .  

c ,  Design S c a l a b i l i t y  and P r o d u c i b i l i t y  

1) Design S c a l a b i l i t y  - There have been no design prob- 
l e m s  a s s o c i a t e d  wi th  s c a l i n g  of e x i s t i n g  RRD tank assemblies .  
Arde has s u c c e s s f u l l y  s c a l e d  s p h e r i c a l  assemblies  ranging from 6- 
t o  72-in. diameter .  
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Tabl e I I 1-6 R i  ng-Rei nforced Diaphragm Sys tern Mass 

Mi ssi on 

Tank configuration 
Expul si on devi ce 
Tank loading and 
v e n t i n g  provisions 
Trapped propel 1 a n t  
Total (lbm) 

Mission 

Tank configuration 
Expulsion device 
Tank loading and 
v e n t i n g  provisions 
Trapped propel 1 an t  
Total (lbm) 

Spherical Tanks 

2 tanks 
21.3 

2 .o 
48.6 
71.9 

- 
4 tanks 

26.8 

4.0 
48.6 
79.4 

A2 

2 tanks 
23.1 

2.0 
64.8 
89.9 

Conospherical Tanks 

2 tanks 
45.8 

2 - 0  
48.6 
96.4 

1 

4 tanks 
61.4 

4.0 
48.6 

114.0 

4 tanks 
29.2 

4.0 
64.8 
98.0 

B 

1 tank 
1 ,9  

1.5 
6.3 
9.7 

Note: Diaphragm material i s  304L s t a i n l e s s  s t ee l  and 
reinforcing rings a re  308 s t a i n l e s s  f o r  missions 
A, and A?. For Mission 8, 1100-0 aluminum was used, 

Tabl e I 11-7 Convol uted Spheri cal  Di aphragm Mass 

Expulsion Devi ce 
Tank loading & 
v e n t i n g  provisions 
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For  t h e  CSD des ign ,  s c a l i n g  t o  s izes  of interest f o r  
t h i s  program i s  p o s s i b l e  wi thou t  a major r edes ign  and development 
e f f o r t  s i n c e  26-in. and 54-in. d iameter  sphe res  have a l r eady  been 
produced (Ref 111-63). 
i n t e r e s t  f o r  t h i s  program. 

These s izes  are w e l l  w i t h i n  t h e  range of 

2) Manufac tu rab i l i t y  - Arde has  manufactured complete 
RRD tank-diaphragm assembl ies  u s ing  304L s t a i n l e s s  s t e e l  diaphragms 
wi th  e i t h e r  301 cryoformed o r  304L s t a i n l e s s  t anks ,  An 1100-0 
aluminum diaphragm has  been f a b r i c a t e d  and t h e  c r i t i c a l  problem 
of j o i n i n g  t h e  r e i n f o r c i n g  r i n g s  t o  t h e  diaphragm s h e l l  may b e  
so lved  (Ref 111-60). 

For Mission B us ing  n i t r a t e d  hydraz ine ,  a n  a l l - a lu -  
minum o r  a t i t a n i u m  tank/aluminum diaphragm system is  requ i r ed  
f o r  p r o p e l l a n t / m a t e r i a l  compa t ib i l i t y  (Ref 111-54)* The a l l -  
aluminum system i s  t h e  b e t t e r  cho ice  s i n c e  t h e  t i t an ium tank  poses 
t h e  a d d i t i o n a l  problem of j o i n i n g  t h e  aluminum diaphragm t o  t h e  
tank. 
poor e longa t ion  p r o p e r t i e s .  

Ti tanium cannot  be  used as a diaphragm material  because of 

P r o j e c t i o n s  of t h e  c u r r e n t  technology t o  even l a r g e r  
s i z e s  of RRDs i n d i c a t e  no manufacturing problems. There w e r e  
problems such as m e t a l  t h inn ing  w i t h  t h e  f a b r i c a t i o n  of l a r g e  d ia -  
phragm s i z e s ,  i . e . ,  l a r g e r  than  of i n t e r e s t  i n  t h i s  program; how- 
ever, wi th  t h e  72-in. diameter  conospheroid program (Ref 111-60), 
such problems are appa ren t ly  so lved .  

The CSD des ign  p r e s e n t s  no manufactur ing problems. 
A s  mentioned, cons ide rab le  exper ience  a l r eady  e x i s t s  which is  d i -  
r e c t l y  a p p l i c a b l e  t o  t h e  mrissions considered h e r e .  

3) Subsca le  T e s t  S c a l a b i l i t y  - For both  t h e  RRD and C S D ,  
subsca le  t e s t i n g  i s  p o s s i b l e  and,  as mentioned, des igns  are scal-  
a b l e .  R e s u l t s ,  such as expu l s ion  e f f i c i e n c y ,  can be  e a s i l y  s c a l e d  
from volume and d i f f e r e n t i a l  p r e s s u r e  cons ide ra t ions .  

d ,  Compat ib i l i ty  w i th  Adjacent  Components and P r o p e l l a n t s  

1) P r o p e l l a n t / M a t e r i a l  Compat ib i l i ty  - Consider ing t h e  
RRD, a 301 cryoformed s t a i n l e s s  s teel  tank  and 304L s t a i n l e s s  
s t e e l  diaphragm combination could s a t i s f a c t o r i l y  b e  used f o r  
Missions A1 and A 2 .  This  i s  t h e  on ly  material combination pres-  
e n t l y  developed. Aluminum and titani-um are b e t t e r  materials f o r  
Mission A 2 ;  however, t i t a n i u m  cannot  b e  used as a diaphragm m a t e -  
r i a l  ( l i m i t e d  e longa t ion )  and t h e  aluminum system needs f u r t h e r  
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development. 
as a result, may not be desirable. Tests have shown that the per- 
manent magnetic field is unaffected by outside induced fields 
(Ref 111-76). For Mission B, any gain in compatibility easily 
offsets development/manufacturing considerations. 
tion mission, therefore, requires an all-aluminum or an aluminum 
diaphragm/titanium tank system. 

The 301 cryoformed stainless steel is magnetic and, 

The long dura- 

The aluminum CSD should present no major problems from 
either propellant decomposition or material corrosion since alu- 
minum is compatible with the propellants for all three missions 
(Ref 111-54) a 

2) Pressurization System Compatibility - One of the more 
advantageous qualities of a metallic diaphragm device is that it 
provides a solid barrier between propellant and ullage. Problems 
associated with pressurant/propellant contact are eliminated. 

3) Tankage Compatibility - The RRD is 
either spherical, ellipsoidal, or conospheroid 
it has been manufactured only in spherical and 
(Ref 111-61). The basic diaphragm design is a 
can be fitted into a spherical or conospheroid 

obtainable in 
geometries, although 
conospheroid shapes 
conospheroid that . 
tank e 

For an improved cycle life to ten cycles9 an RRD de- 
sign ($ = 25 degrees) is recommended (Ref 111-60). This type of 
design is shown in Figure 111-13. Use of a spherical tank with 
this diaphragm design will provide a relatively poor volumetric 
efficiency, and special tank tapers are recommended, as in Figure 
111-13, t o  improve volumetric efficiency. This shape will approx- 
imate a sphere with an L/D of unity, as shown. 
life (5 to 7 reversals) is adequate, diaphragm designs with $ = 
17.5 degrees are available and are more easily adapted t o  spheri- 
cal tankage (Ref 111-60). 

If a lower cycle 

A conospheroid RRD (L/D > 1) can be used with a cylin- 
drical tank, but only at a significant penalty in both volumetric 
and expulsion efficiencies. Only by use of special tapered tanks 
can an RRD be effectively employed for tankage with L/D > 1. 
are L/D restrictions with a conospheroid tank based upon cone 
angle. For example, at a low cycle life (1 to 3 reversals), a 
cone angle of 10 degrees is adequate and the conospheroid tank is 
restricted to an L/D 5.67; whereas, for high cycle life (20 re- 
versals, $ = 25 degrees), the conospheroid tank is limited to an 
L/D 2.14. 

There 

The CSD is restricted to spherical tanks. 
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Figure 111-13 Improved Cycle Life Diaphragm Tank Assembly 
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4 )  Performance 

Duty Cycle and Mission Environment - There are no re- 
s t r i c t i o n s  imposed on t h e  mission duty cyc le .  RRDs have a demon- 
s t r a t e d  a b i l i t y  t o  b e  used e i t h e r  i n  a cont inuous,  nonstop expul- 
s i o n  mode o r  i n  an  i n t e r m i t t e n t ,  noncontinuous mode wi th  t h e  same 
performance (Ref 111-61). N o  performance problems should be en- 
countered because of t h e  a c c e l e r a t i o n  environment of t h e  p l a n e t a r y  
missionso The a c c e l e r a t i o n  load c a p a b i l i t y  of t h e  diaphragms i s  
considerably above t h a t  expected f o r  t h e  t h r e e  r e f e r e n c e  missions 
(Ref 111-60) and a c c e l e r a t i o n s  twice nominal can b e  accommodated. 

Convoluted s p h e r i c a l  diaphragms a l s o  appear a p p l i c a b l e  
t o  t h e  m u l t i p l e  burn duty c y c l e s  of t h e  t h r e e  r e f e r e n c e  mis s ionso  
A b i l i t y  of t h e  diaphragms t o  o p e r a t e  under both s l o s h  and h igh  
la te ra l ,  o r  a x i a l ,  a c c e l e r a t i o n s  also seems adequate  f o r  t h e  m i s -  
s i o n s  under s tudy.  
however, f o r  t h e  maximum g l e v e l s . )  Exce l l en t  c e n t e r  of g r a v i t y  
c o n t r o l  during expu l s ion  has a l s o  been demonstrated (Ref 111-63). 

( N o  q u a n t i t a t i v e  t es t  d a t a  are a v a i l a b l e ,  

A s  s t a t e d  earlier,  the  a b i l i t y  of bo th  RRDs and CSDs 
t o  t o l e r a t e  diaphragm f l e x i n g ,  caused by p r o p e l l a n t  thermal cy- 
c l i n g  o r  v i b r a t i o n  and s l o s h  i s  somewhat l i m i t e d  and, as a r e s u l t  
is a major design c o n s i d e r a t i o n .  From t h e  r a t h e r  l i m i t e d  test 
d a t a  a v a i l a b l e ,  t h e  RRD designs appear less s e n s i t i v e  t o  f l e x i n g  
of t h e  diaphragm. I f ,  f o r  example, t h e  p r o p e l l a n t  temperature 
excursions during t h e  mis s ions9  r e s u l t  i n  only a 1% volume change, 
t h e  RRD designs w i l l  s a t i s f a c t o r i l y  wi ths t and  f l e x i n g  t o  5800 cy- 
cles (Ref 111-61). However, more f l e x i n g  d a t a  are needed a t  
g r e a t e r  volume changes f o r  t he  
f o r  t h e  CSD b e f o r e  an a c c u r a t e  
t o  i ts  f l e x i n g  c a p a b i l i t y . .  

RRD des ign ,  T e s t  d a t a  are needed 
assessment can b e  made wi th  r ega rd  

2 I 

90 100 0 I I 

0 
Expuls ion E f f i c i e n c y ,  % 

Figure I 11-14 Operati ng Pressure 
Di f fe ren t i  a1 for B1 adders and 
Diaphragms as  a Function of 
Expu 1 s i on E f f i 6 i ency 

The AP requirements 
f o r  t h e  CSD and RRD designs,  t o  
o b t a i n  expuls ion e f f i c i e n c i e s  t o  
99.5%, cannot b e  s a t . i s f i e d  by 
t h e  b a s e l i n e  p ropu l s ion  system 
p r e s s u r e  c r i t e r i a  i f  mission ob- 
j e c t i v e s  are t o  b e  m e t ,  The d i f -  
f e r e n t i a l  o p e r a t i n g  p r e s s u r e ,  
t y p i c a l  f o r  t h e s e  m e t a l l i c  d i a -  
phragm dev ices ,  i s  shown i n  Fig- 
u r e  111-14, The AP requirement 
i s  n e a r l y  cons t an t  t o  t h e  p o i n t  
a t  which p l a s t i c  deformation of 
t h e  diaphragm begins  o. Beyond 
t h i s  p o i n t ,  t h e  AP requirement 
i n c r e a s e s  s h a r p l y ,  as shown, 
s i n c e  t h e  metal diaphragm must 
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undergo p l a s t i c  deformation, 
requirements are p resen ted  i n  Table 111-8 f o r  t h e  CSD, RRD, and 
t h e  o t h e r  metallic diaphragm and b l adde r  systems d i scussed  ear- 
l i e r ,  The AP requirement f o r  an  expuls ion e f f i c i e n c y  of 99.5% 
is on t h e  o r d e r  of 200 p s i  f o r  t h e  RRD and 15 p s i  f o r  t h e  CSD. 
The o p e r a t i n g  AP, i . e . ,  t h e  p r e s s u r e  d i f f e r e n c e  r equ i r ed  t o  t h e  
p o i n t  of p l a s t i c  deformation, is  about 10 p s i  f o r  t h e  RRD and 3 
p s i  f o r  t h e  CSD. 

The p l a s t i c  deformation p r e s s u r e  

Tab le  111-8 Opera t ing  Pressure D i f f e r e n t i a l  fo r  Various Bladders  and 
Diaphragms 

DEVICE 
Spherical  Ring- 
Reinforced Diaphragm 
( S t a i n l e s s  S t e e l )  
Transverse Col laps ing  
B1 adder* 
Convoluted Spherical  
Diaphragm 
Telephragm* 
Bonded Roll i ng 
D1" aphragm* 

EXPULSION EFFI- 
CIENCY AT START 

OF PLASTIC 
DEFORMATION (%) 

95.5 

98 

97 
90.6 

98  
"Presented f o r  i n f  orma t i  on only. 

OPERATING A P  

MATION POINT 
UP TO DEFOR- 

(psi) 

10 

3 

2 
15 

25 

A P  REQUIREMENT 
FOR STATED 

EXPULSION EFFICIENCY 
(psi )- (%)  

200-99.5 

16-99.5 

14-99.5 
>200-98.5 

40-99 

REFERENCE 

111-62 

111-70 

111-63 
111-66 

111-69 

The AP problem imposed by t h e  metall ic diaphragms is  
considered f o r  Missions A1 and A 2 .  The i n i t i a l  p r e s s u r e  of t h e  
p r e s s u r a n t  gas ( Pp) i s  4000 p s i a .  This  p r e s s u r e  is reduced by 

t h e  r e g u k k o r  t o  t h e  tank p r e s s u r e  (PT) which is 350 p s i a .  The 

p r e s s u r e  of t h e  p r o p e l l a n t  a t  t h e  outflow p o r t  of t h e  p r o p e l l a n t  
tank Po) i s  PT minus t h e  AP r e q u i r e d  t o  o p e r a t e  t h e  diaphragm. 

The flow o r i f i c e  i s  s i z e d  t o  provide t h e  d e s i r e d  f l o w r a t e  t o  t h e  
engine a t  a cons t an t  upstream p r e s s u r e  

chamber p r e s s u r e  However, i n  p rov id ing  an expu l s ion  e f f i -  
(Pc) 

ciency g r e a t e r  than approximately 95% f o r  t h e  RRD and 98% f o r  t h e  

t o  produce t h e  r e q u i r e d  
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CSD,  t h e  r equ i r ed  diaphragm ope ra t ing  AI' increases s i g n i f i c a n t l y  
causing a corresponding decrease  i n  P As P dec reases ,  propel-  

l a n t  f l o w r a t e  and engine  chamber p r e s s u r e  are reduced, as is  t h e  
engine t h r u s t  level .  The s p h e r i c a l  RRD w i t h  a normal ope ra t ing  
AP of about  10 p s i  i s  considered as a s p e c i f i c  example. With a 
AP of 10 p s i ,  P w i l l  be  340 p s i  and t h e  o r i f i c e  i s  s i z e d  t o  pro- 

v i d e  a f l o w r a t e  g iv ing  t h e  r equ i r ed  chamber p r e s s u r e  of 100 p s i a .  
To o b t a i n  an  expuls ion  e f f i c i e n c y  of 99,5%, t h e  diaphragm AP re- 
qu i r ed  i s  on t h e  o r d e r  of 200 p s i  and P w i l l  drop t o  150 p s i a .  

This decreases  t h e  f lowra te  t o  t h e  engine by more than  one-half ,  
The s e v e r i t y  of t h e  degrada t ion  i n  engine performance w i l l  be  d i f -  
f e r e n t  f o r  t h e  CSD and RRD; i t  is  much worse f o r  t h e  RRD, due t o  
i t s  g r e a t e r  diaphragm p l a s t i c  deformation AP requirement ,  

0 0 

0 

0 

The d i f f i c u l t y  i n  ob ta in ing  t h e  h ighe r  and more de- 
s i r e d  expuls ion  e f f i c i e n c i e s  ( t o  99.5%) w i t h  t h e  diaphragm de- 
vices i s  compounded f o r  t h e  Mission B propuls ion  system which uses  
blowdown p r e s s u r i z a t i o n .  Near t h e  end of t h e  miss ion ,  tank pres-  
s u r e  is  only  about  170 p s i a .  

I n  comparing t h e  CSD and RRD des igns  wi th  t h e  o t h e r  
candida te  a c q u i s i t i o n  dev ices ,  t h e  des ign  p o i n t  expuls ion  e f f i -  
c i e n c i e s  of 98% f o r  t h e  CSD and 95.5% f o r  t h e  RRD were used be- 
cause of t h e  problems i n  providing h ighe r  ope ra t ing  AP t o  o b t a i n  
h igher  expu l s ion  e f f i c i e n c y .  These des ign  p o i n t  expuls ion  e f f i -  
ciencies determined t h e  amount of t rapped  p r o p e l l a n t  (outage) 
t h a t  w a s  ass igned  as a mass pena l ty  (Tables 111-6 and 111-7). 
However, t h e  corresponding i n c r e a s e s  i n  tank  s i z e  and mass were 
n o t  considered 

Loading Cons idera t ions  - Both t h e  CSD and RRD des igns  
employ vacuum loading  techniques.  The gas  and l i q u i d  s i d e s  of 
the diaphragm are evacuated and then  t h e  p r o p e l l a n t  i s  loaded 
(Ref 111-10 and 111-60). A vapor bubble  t h a t  can be  co l l apsed  
once t h e  system is p res su r i zed  i s  l e f t  on t h e  l i q u i d  s i d e .  A 
c a p i l l a r y  device  i s  r equ i r ed  over  t h e  o u t l e t  ( o r  o u t l e t s  i n  t h e  
CSD) t o  prevent  any noncondensable gas  formed w i t h i n ' t h e  tank by 
p r o p e l l a n t  decomposition and/or  gas evo lu t ion  from be ing  inges t ed  
dur ing  l i q u i d  expuls ion .  

P a s s i v a t i o n  and Cleaning  - For Missions A1 and A,, 
t h e  area between t h e  two diaphragms of t h e  CSD des ign  would pro- 
v i d e  a contaminant t r a p  which would b e  d i f f i c u l t  t o  c l e a n  and 
p a s s i v a t e ,  The Mission B des ign  p r e s e n t s  less of a problem s i n c e  
only one CSD i s  used,  Al so ,  c l ean ing  i n t e r n a l  volumes having only  
one access p o r t  p r e s e n t s  problems because adequate  c i r c u l a t i o n  of 
t h e  c l ean ing  f l u i d  i s  d i f f i c u l t ,  
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The RRD tank assemblies  can b e  cleaned and p a s s i v a t e d  
a f t e r  f i n a l  assembly. 
introduced on both s i d e s  of t h e  diaphragm. However, w i th  only one 
outflow p o r t  on each s i d e  of t h e  diaphragm, as wi th  t h e  CSD, su f -  
f i c i e n t  c l ean ing  f l u i d  c i r c u l a t i o n  is  d i f f i c u l t .  

The c l ean ing  o r  p a s s i v a t i n g  f l u i d  can b e  

e Performance T e s t a b i l i t y  

1) V e r i f i c a t i o n  of Opera t iona l  Readiness - The CSD cannot 
b e  t e s t e d  p r i o r  t o  launch. Acceptance must b e  based on a s t a t i s -  
t i c a l  approach t h a t  decreases  t h e  confidence l eve l  f o r  s a t i s f a c -  
t o ry  performance. Only p a r t i a l  expu l s ion  (15 t o  20% of t h e  t o t a l  
l oadab le  p r o p e l l a n t  volume) can b e  demonstrated a f t e r  assembly 
(Ref 111-77). Unlike t h e  CSD, t h e  RRD can b e  acceptance-tested 
f u l l - s c a l e  p r i o r  t o  launch because of i t s  mult i -cycle  c a p a b i l i t y .  

2) Development S t a t u s  - RRDs have been commercially 
a v a i l a b l e  s i n c e  1965. Fl ight-ready hardware, i n  both s p h e r i c a l  
and conospheroid shapes,  has  been manufactured and ground t e s t e d .  
A 72-in. diameter conospheroid t ank  w i t h  a h igh  c y c l e  l i f e  d i a -  
phragm design (Fig.  111-13) and diaphragms a b l e  t o  o p e r a t e  satis- 
f a c t o r i l y  under k20-g la teral  a c c e l e r a t i o n s  are p r e s e n t l y  be ing  
developed (Ref 111-60). A 6-in. diameter RRD design f o r  a hybr id  
engine w a s  flown approximately two y e a r s  ago by t h e  Army, and 
launch of a N2H4 diaphragm tank assembly i s  planned f o r  mid-1970 
(Kef 111-60). Table 111-9 p r e s e n t s  a summary of t h e  RRD programs. 

The development of t h e  CSD i s  only i n  t h e  p re l imina ry  
Only 20 s t a g e .  No f l i gh t - r eady  hardware has  been made o r  flown. 

diaphragms of t h i s  type have been made (Ref 111-77). 
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D. BELLOWS 

1. System Description and Operation 

Bellows are c losed  con ta ine r s  w i t h  convoluted s i d e  w a l l s  t h a t  
a l low an accordion a c t i o n  so  t h a t  t h e  i n t e r n a l  volume can b e  v a r i e d  
through ax ia l  t r a n s l a t i o n  of t h e  heads.  The kinematics  and s t r u c -  
t u r a l  requirements  of bel lows are p a r t i c u l a r l y  s u i t e d  f o r  cy l in -  
d r i c a l  geometry. Other shapes are p o s s i b l e ,  bu t  none are p r a c t i c a l  
because of h ighe r  ope ra t ing  stresses and inc reased  outage penal-  
ties produced by an i n a b i l i t y  t o  c o l l a p s e  completely.  To o b t a i n  
reasonable  packaging e f f i c i e n c y ,  t h e  system des ign  must i nc lude  
both t h e  tank  and bel lows i n  combination. 

M e t a l l i c  materials provide t h e  advantages of a nonpermeable 
membrane between p res su ran t  and p r o p e l l a n t  wh i l e  preserv ing  a 
m u l t i p l e  r e c y c l e  c a p a b i l i t y  of more than 500 cyc le s ,  good com- 
p a t i b i l i t y  w i t h  t h e  p r o p e l l a n t s  s o  t h a t  long t e r m  s t o r a g e  and 
service l i f e  are p o s s i b l e ,  and ope ra t ion  over  a temperature  range 
from deep cryogenic  t o  t h e  b o i l i n g  p o i n t  f o r  e a r t h  s t o r a b l e  pro- 
p e l l a n t s .  Cont ro l  of p r o p e l l a n t  and s t r u c t u r a l  dynamics are two 
major o p e r a t i o n a l  advantages c h a r a c t e r i s t i c  of m e t a l l i c  bellows 
expuls ion  devices  (Ref 111-78). The movable a c t i o n  of t h e  bellows 
under p re s su re ,  a c c e l e r a t i o n ,  o r  shock loads causes i t  t o  a d j u s t  
t o  t h e  f l u i d  volume I n  t h e  system. Consequently, t h e r e  are no 
l a r g e  voids* i n  which s losh ing  could t ake  p l a c e .  The encapsula ted  
f l u i d  and t h e  a c t u a t i o n  p res su re  on t h e  bellows provide two forms 
of damping t h a t  n e a r l y  e l i m i n a t e  v i b r a t i o n a l  problems. Metal  be l -  
lows can accommodate a broad range of tank p res su res ;  ope ra t ion  
i s  dependent upon t h e  bellows p res su re  d i f f e r e n t i a l .  Table  111-10 
summarizes some nominal c h a r a c t e r i s t i c s  of bo th  welded l e a f  and 
hydroformed bel lows f o r  p o s i t i v e  expuls ion  a p p l i c a t i o n s .  

Metallic bel lows have been widely used i n  t h e  aerospace in-  
d u s t r y  as dynamic seals,  f l e x i b l e  l i n e  j o i n t s ,  and accumulators ,  
as w e l l  as p o s i t i v e  expuls ion  devices .  Table  111-11 l i s t s  some 
programs t h a t  have u t i l i z e d  metall ic bel lows f o r  p o s i t i v e  expul- 
s i o n  of l i q u i d  p r o p e l l a n t s .  Consequently,  a l a r g e  body of des ign  
technology has  been accumulated from which r e p e a t a b l e  and p r e d i c t -  
a b l e  bellows systems can be produced. 

*The metal bellows system i s ,  however, s u b j e c t  t o  p r o p e l l a n t  
decomposition, which may form some gas.  
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Table 111-10 Metallic Bellows Evaluation Summary 

DESIGN CHARACTERIST ICs 
Performance charac te r i s t ics  

Expulsion eff ic iency,  % 
Scal abi 1 i ty 
Cycle l i f e ,  cycles t o  f a i lu re  
Re1 i abi 1 i ty 

Tank geometry 
Volumetric eff ic iency,  % 
Maximum s i z e  fabricated 

Di arneter, i n .  
Length, i n .  

Pressure drop ,  psi 
Expulsion pressure 
Inherent cg control 
Series tankage capabi 1 i ty 

Operational charac te r i s t ics  
Simp1 i c i  ty 
Duty cycle 1 imitations 
Off-load propellant l imitat ions 
Slosh control 
Shelf l i f e  
Mission l i f e ,  days ver i f ied 

Eiivi ronmental capabi 1 i t i  es 
Perrneati on 
Radiation sens i t ive  
Deep cryogenic propel 1 a n t  
Mi 1 d cryogenic propel 1 ant  
Earth s torab le  prooellant 
High temperature environment 

WELDED. LEAF 

98 
good 

> 500 
good 

Cylindrical 
85 

23 
60 

5 
Low -+ High 

Yes 
No 

good 
none 
none 
gaod 

30 

Negligible 
NO 
Yes 
Yes 
Yes 
Yes 

10 years 

H Y  DROFORMED 

98 
good 

> 500 
good 

Cylindrical 
85 

14 
35 

5 
Low -+ High 

Yes 
No 

good 
none 
none 
good 

10 years -- 

Negl i g i  bl e 
,No 
Yes 
Yes 
Yes 
Yes 
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Table 111-11 Expulsion Bellows Programs 

COMPANY 
letal Bel lows 
:or po r a  t i on 

letal Bel 1 ows 
rorporati on 
letal Bel lows 
:orporati  on 

letal Bellows 
,orporation 
letal Bel lows 
,orporation 
,ol a r  

io1 a r  

Leal01 

;ea101 

iardner 

iardner 
ielfab 

la r t in  
lari e t t a  
:orporation 
la r t in  
lari e t t a  
:orpora ti on 

CONTRACT 
NUMBER 

-- 

NAS9 - 6909 

AF04 (61 1) - 
11545 

NAS7-101 

NAS9-4550 

NAS3-11755 

NAS7- 100 

NAS7-101 

AF04( 611)-6E 
C-0072 
AF04( 611)-6i 
C-0072 
287847-29 

-- 

NAS3-12017 

NAS3-12053 

FLUIDS 

Hydrazine 
and N 2  

Hydrazine 
and H20 
Hydrazine 
and H20 

N2O4 and 
UDMH 
N2O4, A-50 
& MMH 
L i  qui d 
Hydrazine 
Hydrazine 

N2O4 and 
UDMH 

N2°4 3 

UDMH & A-50 
Liquid 
F1 uorine 

-- 

N2°4 5 

UDMH & A-50 

Liquid 
Hydrogen 

L i q u i d  
F1 uori ne 

PROGRAM 
Astronaut 
maneuvering 
back pack 
R&D 

Storage 
eva lua t ion  
a t  Edwards 
Study f o r  
Saturn use 
NASA 

NASA 

NASA 

S-IVB/NASA 

GEMINI 

Shutoff 
valve sea l  
Minuteman 
NASA 
Program 
cancel led 
i n  accept- 
ance t e s t i n g  
R&D 

R& D 

VOLUME 
( i n . 3 )  

21.0 

60.0 

192.0 

LO ,000 

2,800 

700 

463 

775 

-- 

-- 

-- 
11,000 

700 

1,040 

MATERIAL 
300 SS 

300 SS 

300 SS 

300 SS 

300 SS 

321 SS 

Tank ~ A L - ~ V  
Bellows 321 SS 
300 SS 

300 SS 

Inconel 

347 ss 
AM 350 

300 SS 

300 SS 

REF 

111-79 

111-79 

111-79 

111-79 

111-79 

111-80 

111-80 

111-78 

111-78 

111-81 

111-81 
111-82 

111-83 

Current 
Program 
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Figure 111-15 
Bellows in 
Compression 

Figure 111-16 
Bellows in 
Tension 

Bellows can b e  designed t o  ope ra t e  wi th  t h e  p r o p e l l a n t  
on t h e  i n s i d e  and t h e  p r e s s u r a n t  on t h e  o u t s i d e ,  as 
shown i n  F igu re  111-15. Expulsion is  achieved by co l -  
l a p s i n g  t h e  bel lows wi th  a h ighe r  p r e s s u r e  on t h e  ex- 
t e r i o r .  The a l t e r n a t i v e  conf igu ra t ion  (Fig. 111-16) 
p l a c e s  t h e  p r o p e l l a n t  o u t s i d e  t h e  bel lows so  t h a t  ex- 
p u l s i o n  i s  accomplished by expanding t h e  bel lows from 
an i n i t i a l  co l l apsed  p o s i t i o n  wi th  a h ighe r  i n t e r i o r  
p re s su re .  The scheme w i t h  t h e  p r o p e l l a n t  i n s i d e  t h e  
bellows permi ts  complete expuls ion  wi thout  t h e  danger 
of convolut ion deformation which degrades t h e  r e c y c l e  
c a p a b i l i t y  and promotes premature f a i l u r e .  
t h e  h ighe r  p r e s s u r e  t o  t h e  o u t s i d e  of a bel lows i s  p re f -  
e r a b l e  because i t  t y p i c a l l y  a l lows  t h e  bel lows t o  oper- 
a t e  i n  compression, Therefore ,  t h e  e x t e r n a l l y  pressur -  
i z e d  system wi th  t h e  bel lows i n  compression, shown i n  
F igure  111-15, w a s  s e l e c t e d  as t h e  b a s e l i n e  conf igu ra t ion .  

Applying 

Design c r i t e r i a  f o r  m e t a l l i c  bel lows are i n t i m a t e l y  
a s soc ia t ed  wi th  t h e  f a b r i c a t i o n  technique;  a hydroformed 
s i d e  w a l l  o r  a welded-leaf convolut ion cons t ruc t ion  must 
be  s e l e c t e d .  For low weight  and h igh  cyc le  l i f e ,  a hydro- 
formed bel lows should use  an L / D  of  two o r  g r e a t e r  wh i l e  
t h e  welded-leaf bel lows i s  b e t t e r  a t  an L /D n e a r e r  t o  one. 
S e a l o l  contends t h a t  t h e  L/D r a t i o  i s  unimportant when t h e  
bel lows i s  supported by t h e  p r e s s u r e  tank (Ref 111-78)- 
Bellows wi th  L/D up t o  4 have been s u c c e s s f u l l y  b u i l t  and 
used i n  a tank-supported conf igu ra t ion .  The tank diameter  
c r i t e r i a  e s t a b l i s h e d  f o r  t h e  b a s e l i n e  expuls ion  system 
des igns ,  Table  111-12, make t h e  welded-leaf cons t ruc t ion  
t h e  b e s t  choice;  however, c leaning  and p a s s i v a t i o n  are 
more d i f f i c u l t  w i t h  t h i s  conf igu ra t ion .  

Cycle l i f e  requirement  can be  designed i n t o  bel lows 
by t h e  proper  s e l e c t i o n  of  t h e  p i t ch / span  r a t i o  which 
c o n t r o l s  t h e  p l a t e  stress level .  I n  gene ra l ,  a weight  
r educ t ion  can be  obta ined  by dec reas ing  t h e  metal t h i ck -  
n e s s ,  decreas ing  t h e  length /d iameter  r a t i o ,  and increas-  
i n g  t h e  p i t ch / span  r a t i o ,  F igure  111-17 shows t h e  in -  
f l u e n c e  of convolut ion and cy l inde r  geometry on bel lows 
weight .  Higher c y c l e  l i f e  i s  produced by dec reas ing  
material th i ckness  and decreas ing  t h e  p i t ch / span  r a t i o ,  
F igure  111-18 (Ref 111-78, 111-84, and 111-85). The 
obvious des ign  d e c i s i o n  i s  t o  select  t h e  t h i n n e s t  
gauge material  c o n s i s t e n t  w i t h  dynamic stresses and 
co r ros ion  ra tes ,  Corrosion rates on compatible metals 
as t h e  r e s u l t  of p r o p e l l a n t  con tac t  are on t h e  o r d e r  
of one m i l  p e r  y e a r  (Ref 111-54)- 
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Since t h e  f a b r i c a t i o n  of 20- t o  30-in. diameter  bel lows w i l l  ne- 
c e s s i t a t e  a minimum metal th ickness  of  8 m i l s  t o  provide  adequate  
s t a b i l i t y  during manufacture,  no concession t o  w a l l  t h i ckness  should 
be  necessary  f o r  Missions A1 o r  A2 (Ref 111-78 and 111-86). 

Reversing t h e  upper dome of t h e  tank  o r  u t i l i z i n g  t h e  pres-  
s u r a n t  gas  s t o r a g e  b o t t l e  as t h e  upper dome improves t h e  volumetr ic  
e f f i c i e n c y  a t  t h e  expense of some a d d i t i o n a l  t a n k  weight (Ref 
111-78). With good head and convolut ion des ign ,  t h e  bel lows can 
achieve  an expuls ion  e f f i c i e n c y  of 98% w i t h  low p r e s s u r e  d i f f e r -  
ences ,  However, t h e  tank  volumetr ic  e f f i c i e n c y  i s  l i m i t e d  t o  about 
85% a t  t h e  p re sen t .  

2. System Eva1 uat ion 

a. R e l i a b i l i t y  - S t a t i s t i c a l l y ,  bel lows are very  r e l i a b l e  
expuls ion  devices  w i t h  no h i s t o r y  o f  c a t a s t r o p h i c  f a i l u r e  i n  s i m i -  
l a r  a p p l i c a t i o n s .  Bellows have a s i n g l e  c a t a s t r o p h i c  f a i l u r e  
mode -- when a material  f r a c t u r e  provides  s u f f i c i e n t  s e p a r a t i o n  
t o  a l low t h e  p r o p e l l a n t  a p r e f e r e n t i a l  escape t o  t h e  u l l a g e  volume 
r a t h e r  than  through t h e  tank  o u t l e t  (Ref 111-87). A leaf-weld 
f a i l u r e  could cause t h i s  condi t ion .  Two modes of anomalous f a i l u r e  
e x i s t  f o r  bel lows.  Minor c racks  and p inho le  l e a k s ,  pe rmi t t i ng  
p r e s s u r a n t  gas  t o  e n t e r  t h e  l i q u i d  o r  t h e  l o s s  o f  p r o p e l l a n t  t o  
t h e  u l l a g e  volume, r e s u l t  i n  o p e r a t i o n a l  anomalies.  Gas bubbles  
i n  the  p r o p e l l a n t  i n g e s t e d  by t h e  r o c k e t  engine can cause e r r a t i c  
and u n s t a b l e  combustion behavior .  P r o p e l l a n t  i n  t h e  u l l a g e  volume 
c o n t r i b u t e s  t o  outage  and may cause co r ros ion  damage t o  o t h e r  sys- 
t e m  components. The second anomalous f a i l u r e  mode i s  nonsymmetri- 
ca l  l e a f  buckl ing ,  which r e s u l t s  i n  unpred ic t ab le  expuls ion  be- 
hav io r  and l o s s  of expuls ion  e f f i c i e n c y .  

The f a i l u r e  of a metal bel lows device  can be  p r e c i p i t a t e d  
by excess ive  b i a x i a l  stresses* as a r e s u l t  of t h e  dynamic mechan- 
i c a l  environment from wind g u s t s  dur ing  ground hold ,  launch v ib ra -  
t i o n ,  o r  bel lows system i n e r t i a  f o r c e s  due t o  v e h i c l e  p e r t u r b a t i o n s  
i n  space.  Fa t igue  f r a c t u r e s  of any s i z e  can occur  as t h e  r e s u l t  of 
v i b r a t i o n  o r  expuls ion  cyc l ing .  Corrosion from p r o p e l l a n t  c o n t a c t  
can cause  d e t e r i o r a t i o n  of t h e  metal and bel lows f a i l u r e ,  p a r t i c u -  
l a r l y  i n  porous areas of d e f e c t i v e  materials o r  welds and a t  i n t e r -  
f a c e s  between d i s s i m i l a r  metals where ga lvan ic  a c t i o n  can accelerate 
co r ros ion .  The bel lows w a l l  convolu t ions  and end dome welds form 
s e r i o u s  contaminat ion t r a p  areas t h a t  r e q u i r e  s t r i n g e n t  c l ean ing  

Wombination of hoop compressive stress and l o n g i t u d i n a l  
bending stress 
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and pass iva t ion .  S e a l o l  states t h a t  methods have been developed 
t o  s a t i s f a c t o r i l y  c l e a n  welded bel lows (Ref 111-78). Stress-cor-  
r o s i o n  c racking  can produce more r a p i d  f a i l u r e  rates than would 
be  p r e d i c t e d  from stress levels  and co r ros ion  rates i n d i v i d u a l l y .  
Weld areas are p a r t i c u l a r l y  s u s c e p t i b l e  t o  f a i l u r e ,  Both hydro- 
formed bel lows and welded-leaf bel lows have welds i n  t h e  immobile 
suppor t  r i n g s  and head j o i n t s ,  b u t  t h e  welded-leaf c o n s t r u c t i o n  
can f a i l  more e a s i l y  a t  t h e  h inge  weld on each convolu t ion ,  A 
h ighe r  t o t a l  s u r f a c e  area f o r  a bel lows expuls ion  system may make 
i t  more s u s c e p t i b l e  t o  d e f e c t i v e  material f a i l u r e  from t h e  proba- 
b i l i t y  s t andpo in t .  

b e  Mass - Tank shapes are l i m i t e d  t o  c y l i n d r i c a l  geometry 
w i t h  bel lows.  The system mass informat ion  p resen ted  i n  Table  111-13 
is  based on a s i n g l e  material s e l e c t i o n  f o r  bo th  bel lows and tank.  
However, t h e r e  i s  no bel lows f a b r i c a t i o n  exper ience  us ing  cryo- 
formed 301 s t a i n l e s s  steel ,  s o  t h e  widely used 347 s t a i n l e s s  s teel  
w a s  s u b s t i t u t e d  f o r  bel lows material. The use  of a cyroformed 301 
s t a i n l e s s  s t e e l  t ank  r e q u i r e s  s p e c i a l  manufactur ing techniques 
employing compatible  f l a n g e s  f o r  weld j o i n t s ,  because t h e  cryo- 
g e n i c  forming s t r e n g t h  i s  l o s t  i n  t h e  hea ted  area of a weld. The 
s t a i n l e s s  steel  expuls ion  bel lows and tanks  w e r e  designed w i t h  a 
s a f e t y  f a c t o r  of 1.5 on y i e l d  s t r e n g t h .  A s a f e t y  f a c t o r  of 2 . 2  
on u l t i m a t e  s t r e n g t h  w a s  used f o r  t h e  aluminum and t i t an ium mate- 
r i a l s .  The bel lows des ign  parameters  w e r e :  

Material t h i ckness  = 0.008 i n .  

Convolution geometry = 0.875 i n e l c o n v o l u t i o n .  
( p i t c h )  

The geometry s e l e c t e d  f o r  t h e  bel lows and tank r e s u l t s  i n  a volu- 
metric e f f i c i e n c y  of n e a r l y  88% and an expu l s ion  e f f i c i e n c y  of  98% 
f o r  t h e  bel lows expuls ion  system. 

c ,  Design S c a l a b i l i t y  and P r o d u c i b i l i t y  

1 )  Design S c a l a b i l i t y  - Some redes ign  w i l l  be  r equ i r ed  
t o  opt imize  t h e  system f o r  a s p e c i f i c  s i z e  and l eag th /d i ame te r  
r a t i o ,  The metal t h i ckness  r e q u i r e d  f o r  forming bel lows i n c r e a s e s  
as t h e  diameter  i n c r e a s e s .  The bel lows system i s  a n a l y t i c a l l y  
p r e d i c t a b l e  (based on empi r i ca l  d a t a )  and s c a l a b l e  throughout  t h e  
range of i n t e r e s t  e 
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2) Manufac turabi l i ty  - Contemporary a p p l i c a t i o n s  of be l -  
lows t o  p r o p e l l a n t  c o n t r o l  have been l i m i t e d  t o  diameters  of ap- 
proximately 2 f t .  However, des igns  as l a r g e  as 30-in. diameter  
do no t  appear  t o  p r e s e n t  any major t e c h n i c a l  problems. Heavier 
p r e s s e s  and new d i e s  would be  needed, bu t  t h e  manufacturing tech- 
n iques  would remain t h e  same. 

I n  a d d i t i o n  t o  t h e  requirements  f o r  compa t ib i l i t y  w i th  
t h e  p r o p e l l a n t ,  t h e  metal must (1) remain d u c t i l e  a f t e r  welding;  
( 2 )  possess  good fo rmab i l i t y ;  and (3)  provide  a h igh  a l lowable  
s t r a i n  t o  d e n s i t y  r a t i o .  S t a i n l e s s  S tee l  Products  expressed t h e  
opinion t h a t  t i t a n i u m  and aluminum do n o t  have enough f a t i g u e  l i f e  
f o r  most bel lows a p p l i c a t i o n s  (Ref 111-86). Titanium does n o t  have 
t h e  d u c t i l i t y  r equ i r ed  f o r  bel lows hydroforming. S e a l o l  h a s  fab- 
r i c a t e d  pure  t i t a n i u m  welded-leaf bel lows and f e e l s  t h a t  t h e  mate- 
r i a l  i s  s u i t a b l e  f o r  t h e  proposed miss ions  (Ref 111-78). I n  any 
case, t i t an ium would probably n o t  be  used w i t h  OF2 because of t h e  
impact s e n s i t i v i t y  of t i t a n i u m  wi th  f l u o r i n e  and OF2 noted by vari- 
ous i n v e s t i g a t i o n s  (Ref 111-88 t h r u  111-90). 

Hydroformed bel lows may s u f f e r  some l i m i t a t i o n s  on 
l e n g t h  and diameter  which would prec lude  t h e i r  cons ide ra t ion  for 
28-in. d iameters .  S t a i n l e s s  S tee l  Products  s ta tes  t h a t  t h e  mini- 
mum diameter  f o r  hydroformed s t a i n l e s s  s tee l  expuls ion  bel lows i s  
p r e s e n t l y  about 7 i n .  (Ref 111-86). I n  g e n e r a l ,  0.006 i n .  i s  t h e  
minimum th i ckness  f o r  hydroformed s t a i n l e s s  s t ee l  expuls ion  bel lows 
up t o  10-in.  diameter .  For l a r g e r  d iameters ,  t h i c k e r  material  i s  
r equ i r ed .  Welded-leaf bel lows can be  f a b r i c a t e d  i n  any reasonable  
l eng th  o r  diameter .  Welding technology p r e s e n t l y  l i m i t s  t h e  use  
of aluminum and t i t an ium a l l o y s  i n  welded-leaf bellows (Ref 111-87). 
S e a l o l  i s  o p t i m i s t i c  t h a t  new welding equipment w i l l  e l i m i n a t e  t h e  
weld burning and provide  t h e  manufactur ing c a p a b i l i t y  w i t h i n  t h e  
1975 t i m e  per iod  (Ref 111-78). 

S e a l o l  has  d e l i v e r e d  u n i t s  u t i l i z i n g  d i s s i m i l a r  metals. 
Metal b a r s  which inco rpora t ed  304 s t a i n l e s s  s t ee l  f o r  j o i n i n g  t o  
t h e  bel lows,  a copper bond, and aluminum ends f o r  j o i n i n g  t o  an 
aluminum housing were used f o r  end f i t t i n g s  (Ref 111-78). Transi-  
t i o n  p i e c e s  j o i n i n g  s t a i n l e s s  s t e e l  t o  t i t a n i u m  a r e  a l s o  available. .  
The c o s t  f o r  t h e s e  components are very  h igh .  

3) Subscale  Test S c a l a b i l i t y  - No subsca le  t e s t i n g  i s  re- 
qu i r ed  on bel lows systems. A l l  important  a s p e c t s  of  performance 
can be t e s t e d  a t  f u l l  scale  i n  a g r a v i t a t i o n a l  f i e l d .  S ince  much 
of  t h e  bellows des ign  technology i s  e m p i r i c a l ,  f u l l  scale t e s t i n g  
i s  n o t  only d e s i r a b l e ,  bu t  necessary .  
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d, Compat ib i l i ty  w i t h  Adjacent Components and P r o p e l l a n t s  

1) P r o p e l l a n t / M a t e r i a l  Compat ib i l i ty  - Metals w i t h  good 
compa t ib i l i t y  c h a r a c t e r i s t i c s  and s a t i s f a c t o r y  s t r u c t u r a l  proper- 
ties are a v a i l a b l e  f o r  use w i t h  a l l  of t h e  cryogenic  and e a r t h  
s t o r a b l e  p r o p e l l a n t s  under cons ide ra t ion .  The f a b r i c a t i o n  tech- 
nology f o r  s t a i n l e s s  steel  (OP?, 3 2 H g )  i s  more h igh ly  developed 
than t h a t  f o r  t i t a n i u m  (MMH, n _ r ~ . . - e d  hydraz ine ,  N2O4). 

2 )  P r e s s u r i z a t i o n  System Compat ib i l i ty  - Metals are essen-  
t i a l l y  impermeable membranes t o  t h e  p r o p e l l a n t  vapors ,  n i t r o g e n ,  
and hel ium i n  t h e  w a l l  t h i cknesses  under cons ide ra t ion .  The s t r u c -  
t u r a l  c h a r a c t e r i s t i c s  of bel lows make them eminent ly  s u i t a b l e  f o r  
bo th  t h e  r egu la t ed  p r e s s u r i z a t i o n  of  Missions A 1  and A2 and f o r  
t he  blowdown p r e s s u r i z a t i o n  of Mission B. 

3)  Tankage Compat ib i l i ty  - Tankage i s  l i m i t e d  t o  cy l in -  
d r i c a l  geometry by t h e  bel lows des ign  f o r  s t r u c t u r a l  i n t e g r i t y  and 
expuls ion  e f f i c i e n c y ,  and by t h e  requirements  f o r  maximum volumet- 
r i c  e f f i c i e n c y .  Sphe r i ca l  o r  e l l i p s o i d a l  tank  conf igu ra t ions  would 
be  i m p r a c t i c a l .  

4 )  Performance (Duty Cycle and Mission Environment) - B e l -  
lows expuls ion  systems can be  designed t o  meet a l l  duty cyc le s  and 
miss ion  environments.  Any combination of burn t i m e s ,  number of  
restarts, and a c c e l e r a t i o n  v a r i a t i o n s  (magnitude and d i r e c t i o n )  can 
be accommodated. 
evo lu t ion  occurs ,  a c a p i l l a r y  bubble r e t e n t i o n  device  i s  r equ i r ed  
over  t h e  tank  o u t l e t .  

Because some p r o p e l l a n t  decomposition and/or  gas 

e .  Performance T e s t a b i l i t y  

1 )  V e r i f i c a t i o n  of Opera t iona l  Readiness - The cyc le  l i f e  
of w e l l  designed meta l l ic  bel lows systems i s  s o  h igh  t h a t  in-depth 
acceptance  t e s t i n g  f o r  l e a k s ,  v i b r a t i o n  s e n s i t i v i t y ,  and expuls ion  
e f f i c i e n c y  can be  conducted wi thout  performance degrada t ion .  
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2) Development S t a t u s  - Development and q u a l i f i c a t i o n  
tests have been performed on s t a i n l e s s  s teel  bellows i n  smaller 
s i z e s  than  r e q u i r e d  f o r  Missions A1 and A 2 .  An 18-in. diameter  
welded-leaf bel lows system similar t o  t h e  des ign  envis ioned f o r  
Mission B w a s  i n  q u a l i f i c a t i o n  t e s t i n g  by Belfab when t h e  program 
w a s  cance l l ed .  S e a l o l  i s  f a b r i c a t i n g  a 27.5-in. O.D. welded bellows 
o u t  of 8 - m i l  s t a i n l e s s  steel. Although no development test  ex- 
p e r i e n c e  on 30-in. diameter  bel lows has  been accrued,  t h e  s t r u c -  
t u r a l ,  c y c l e  l i f e ,  v i b r a t i o n  and performance test techniques em- 
ployed t o  develop t h e  smaller bellows systems should be appl ica-  
b l e  w i thou t  mod i f i ca t ion .  S o l a r  has  b u i l t  6-in. diameter hydro- 
formed aluminum (1100) bellows (Ref 111-80). Addi t iona l  experi-  
ence w i t h  t i t a n i u m  w i l l  b e  r e q u i r e d  t o  o b t a i n  t h e  same level of 
confidence as t h a t  enjoyed wi th  s t a i n l e s s  steel. 
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E. SURFACE TENSION SYSTEMS 

These systems d i f f e r  from t h e  o t h e r  a c q u i s i t i o n  techniques pre- 
sented i n  t h i s  chap te r  because they u s e  t h e  f l u i d  in t e rmolecu la r  
f o r c e s  t o  provide t h e  d e s i r e d  p r o p e l l a n t  o r i e n t a t i o n  and c o n t r o l .  
These s m a l l  c a p i l l a r y  f o r c e s  are dominant du r ing  t h e  c o a s t i n g ,  un- 
powered p o r t i o n s  of t h e  mis s ions ,  and can be used t o  p o s i t i o n  and 
con ta in  l i q u i d  over t h e  t ank  o u t l e t  t o  p rov ide  gas-free l i q u i d  ex- 
pu l s ion  on demand. 

C a p i l l a r y  phenomena have been s t u d i e d  both t h e o r e t i c a l l y  and 
experimental ly  s i n c e  t h e  e i g h t e e n t h  cen tu ry  when J. A. von Segner 
recognized t h a t  s u r f a c e  t e n s i o n  i s  dependent on temperature  b u t  
not  on p r e s s u r e  nor  t h e  form of t h e  s u r f a c e .  Considerable work w a s  
done i n  t h e  n i n e t e e n t h  century and e a r l y  i n  t h e  t w e n t i e t h  by many 
of t h e  wor ld ' s  foremost p h y s i c i s t s ,  no tab ly  Kelvin,  Maxwell, 
Rayleigh, and Stokes (Ref 111-91 t h r u  111-94). A classical  work 
wi th  regard t o  i n t e r f a c e  shape and s t a b i l i t y  i s  t h e  book by 
Bashforth and Adams (Ref 111-95). 
1960s, t h e r e  was a renewed i n t e r e s t  i n  t h e s e  earlier f i n d i n g s  as 
aerospace companies, government agenc ie s ,  and u n i v e r s i t i e s ,  ex- 
plored t h e  p o s s i b i l i t y  of u s ing  s u r f a c e  t e n s i o n  f o r c e s  t o  p rov ide  
p a s s i v e  c o n t r o l  of s u b c r i t i c a l l y - s t o r e d  f l u i d s  onboard s p a c e c r a f t  
(Ref 1-2 and 111-96, f o r  example). 
suinmarized i n  two l i t e r a t u r e  reviews (Ref 111-97 and 111-98). 

During t h e  l a t e  1950s and e a r l y  

This  more r e c e n t  a c t i v i t y  i s  

A number of c a p i l l a r y  systems have been developed and several 
have performed s a t i s f a c t o r i l y  i n  f l i g h t  Included i n  t h e  l a t t e r  
are systems used i n  t h e  Agena, Transtage,  and t h e  Apollo Service 
Propuls ion System (Ref 111-99). Several c u r r e n t  government pro- 
grams are aimed a t  developing c a p i l l a r y  systems t o  provide cryo- 
genic  p r o p e l l a n t  o r i e n t a t i o n  and c o n t r o l  (Refs 111-100 and 111-101), 

1. System Description and Operation 

Various c a p i l l a r y  concepts  t y p i c a l  of t hose  developed, o r  under 
development, a re  p resen ted  i n  t h e  fol lowing paragraphs.  A d i scus -  
s i o n  of t h e i r  o p e r a t i o n a l  p r i n c i p l e s  i s  a l s o  included.  

Three system concepts are p i c t u r e d  i n  F igu re  111-19. Although 
t h e  c o n t r o l  dev ice  conf igu ra t ion  is  d i f f e r e n t  i n  each p r o p e l l a n t  
tank,  as shown, t h e  o p e r a t i o n a l  p r i n c i p l e  i s  based upon t h e  rela- 
t i v e l y  s m a l l  p r e s s u r e  d i f f e r e n c e  t h a t  ex is t s  a c r o s s  a l i q u i d / g a s  
i n t e r f a c e  due t o  in t e rmolecu la r  f o r c e s  (Ref 1-4). This c a p i l l a r y  
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pressure difference, AP may be expressed at any point across 
the interface as CP 

AP = 
C 

where 0 is the liquid/gas surface tension and R and R are the 

principal radii of curvature at that point. For a spherical in- 
terface, the pressure difference is simply 

1 2 

20 AP- = 7 

[ 111-71 

[ 111-81 
C I S  

S 

where R is the radius of curvature. It is 
usually preferred for design practice to relate 
the capillary pressure difference to a more 
easily determined dimension, such as the tank 
or pore radius, R,  rather than the radius of 
curvature, This can be done by introducing 
the relationship between the physical radius, 
R, and liquid-to-solid contact angle, 0 ,  to 
the radius of curvature, as presented in Fig- 

S 

LIQUID/GAS INTERFACE 

LIQUID 

TUBE (OR PORE) 

Figure 111-20 Liquid/ 
Gas Interface Shape ure 111-20. Then, rewriting Equation [111-81; 

APc = R 20 cos e [ 111-9 ] 

Capillary phenomena result from intermolecular forces; however, 
it is possible to represent these forces by the introduction of 
the two macroscopic parameters, contact angle and surface tension, 
and a measurable dimension, tank or pore radius. Surface tensions 
for the propellants of interest are presented in Table 11-3. Con- 
tact angles have been measured for a number of liquid propellants 
in contact with aluminum (6061 T6j, titanium alloy (ASTM B348-59T 
Grade 6) and 301 stainless steel (Ref 111-102). The propellants 
include hydrogen peroxide (go%), nitrogen tetroxide, fuming nitric 
acid (Type I11 B), hydrazine, UDMH, and Aerozine 50 (50/50-N2Hq/ 
UDMH). The measured contact angles varied from zero to two de- 
grees. Based upon these results, the propellants considered in 
this study will exhibit near-zero contact angles when exposed to 
the aluminum and titanium tankage. As seen in Equation [111-91, 
the capillary pressure difference is a maximum when the contact 
angle is zero; however, whether the value is zero or two degrees, 
cosine 8 is essentially unity. The maximum capillary pressure 
difference attainable for the propellants of interest is on the 
order of one psi, based upon a zero contact angle and use of the 
finest, practical screen available (325 x 2300 mesh). 
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o r  

The c a p i l l a r y  concepts  can b e  ca t egor i zed  as: gas-free l i q u i d  
expuls ion can be demonstrated under a minus 1-g test condi t ion* 
(Fig,  111-19a and II1-19b); and system performance cannot be dem- 
o n s t r a t e d  under minus 1 g (Fig, 111-19c). Systems t h a t  are test-  
a b l e  i n  1 g r e q u i r e  t h e  u s e  o f  foraminous material ,  s c reen  and/or  
p e r f o r a t e d  p l a t e ,  w i t h  small (micronic) pore s izes  t o  provide h igh  
c a p i l l a r y  p r e s s u r e  d i f f e r e n c e s .  The la t ter  are requ i r ed  t o  support  
t h e  h y d r o s t a t i c  p r e s s u r e  d i f f e r e n c e s  t h a t  r e s u l t  under Ea r th ' s  
g r a v i t a t i o n a l  a c c e l e r a t i o n ,  g,  expressed as; 

APh = pgh 1111-lo] 

where p i s  t h e  l i q u i d  d e n s i t y  and h i s  t h e  l i q u i d  head. 
i l l a r y  p r e s s u r e  d i f f e r e n c e  must a t  least equa l ,  o r  exceed, t h e  
h y d r o s t a t i c  p r e s s u r e  d i f f e r e n c e s  t o  s t a b i l i z e  t h e  l i q u i d / g a s  i n t e r -  
f a c e ,  i e e 9 ,  prevent  f l u i d  t r a n s f e r ,  a t  t h e  s u r f a c e  of t h e  foraminous 
m a t e r i a l , , a n d  p rov ide  gas-free l i q u i d  expuls ion.  The po re  s i z e  re- 
qu i r ed  can b e  expressed as fo l lows :  

The cap- 

2B 
- hg 

R < - (COS 0 )  

1111-111 

1111-121 

where B i s  t h e  kinematic  s u r f a c e  t e n s i o n ,  f t 3 / s e c 2 *  The f u e l s  
posses s  a g r e a t e r  kinematic  s u r f a c e  t e n s i o n  than  do o x i d i z e r s ;  t h i s  
is  t h e  c a s e  f o r  any b i p r o p e l l a n t  combination of e a r t h  s t o r a b l e s ,  
space s t o r a b l e s ,  o r  cryogenics ,  The f u e l s  posses s  a s l i g h t l y  higher  
s u r f a c e  t e n s i o n  v a l u e  and a correspondingly lower l i q u i d  d e n s i t y  
(Table 11-3)s 
is  r e q u i r e d  f o r  t h e  o x i d i z e r  because of i t s  lower kinematic s u r f a c e  
t ens ion .  
o x i d i z e r  service and u s e  t h e  same design f o r  t h e  f u e l .  

A s  shown by Equation 1111-121 a smaller po re  s i z e  

The u s u a l  p r a c t i c e  i s  t o  des ign  t h e  c a p i l l a r y  dev ice  f o r  

The concept shown i n  F igu re  111-19a i s  a complete, foraminous 
l i n e r  pos i t i oned  nea r  (1/4 i n . ,  o r  less) t h e  t ank  w a l l  t o  provide: 
a passageway (annulus) between the l i n e r  and t ank  w a l l  t o  t h e  tank 
o u t l e t ;  communication between t h e  bulk p r o p e l l a n t  l o c a t e d  anywhere 
i n  t h e  t ank  and t h e  annulus;  and a porous s u r f a c e  a t  which s u r f a c e  
t e n s i o n  f o r c e s  w i l l  s t a b i l i z e  t h e  l i q u i d / u l l a g e  i n t e r f a c e .  
u i d  ou t f low p a t h  du r ing  expu l s ion  i s  shown i n  t h e  f f g u r e ,  
bulk l i q u i d  i s  dep le t ed  by flowing i n t o  t h e  annulus and ou t  t h e  

The l i q -  
The 

*The minus 1-g test c o n d i t i o n  is  provided by i n v e r t i n g  t h e  pro- 
p e l l a n t  t ank  ( l i q u i d  d r a i n  p o r t  pointed upwards, away from Ear th )  
so  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n  acts  t o  p o s i t i o n  t h e  heav ie r  l i q -  
u id  away from t h e  d r a i n  p o r t ,  
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tank. 
gas-free l i q u i d  can on ly  be suppl ied provided t h a t  t h e  annulus 
i s  f u l l  of l i q u i d  and t h e  u l l a g e  is  prevented from e n t e r i n g  t h e  
annulus u n t i l  t h e  bulk p r o p e l l a n t  i s  dep le t ed .  The f i r s t  r equ i r e -  
ment is  s a t i s f i e d  by f i l l i n g  t h e  annulus du r ing  loading;  t h e  second 
i s  m e t  by s e l e c t i n g  t h e  mesh s i z e  (pore r a d i u s )  t o  ma in ta in  t h i s  
l i q u i d  cond i t ion .  A s  d i scussed ,  t h e  po re  s i z e  must be s m a l l  enough 
t o  a t  least balance h y d r o s t a t i c  p r e s s u r e  d i f f e r e n c e s .  For t h e  m i -  
nus l-g tests,  h y d r o s t a t i c  heads are t h e  s i n g l e ,  g r e a t e s t  des ign  
c r i t e r i o n  i n  s e l e c t i n g  po re  s i z e .  However, t h e  c a p i l l a r y  p r e s s u r e  
d i f f e r e n c e  must be g r e a t e r  than t h e  sum of a l l  p r e s s u r e  d i f f e r e n c e s  
tending t o  break down t h e  l i q u i d  annulus by t h e  i n g e s t i o n  of gas .  
During l i q u i d  outflow: 

S ince  t h e  annulus  is  an i n t e g r a l  p a r t  of t h e  outf low p a t h ,  

V 
APc AFh + APf + AP + AP e - [III-131 

where AP i s  t h e  p r e s s u r e  l o s s  due t o  v i s c o s i t y ;  AP i s  t h e  pres-  

s u r e  l o s s  due t o  t h e  bulk l i q u i d  e n t e r i n g  t h e  annulus;  and APv is  

t h e  s t a t i c  p r e s s u r e  r e d u c t i o n  i n  t h e  annulus due to  flow. Selec- 
t i o n  of t h e  proper po re  s i z e  w i l l  s t a b i l i z e  t h e  l i q u i d / g a s  i n t e r -  
f a c e  a t  t h e  foraminous s u r f a c e  thereby maintaining t h e  l i q u i d  prime 
i n  t h e  annulus.  Equation 1111-13J is the fundamental r e l a t i o n s h i p  
used t o  select the s c r e e n  l i n e r  mesh s i z e .  

f e 

Gas-free l i q u i d  can be suppl ied con t inuous ly ,  o r  i n t e r m i t t e n t l y ,  
u n t i l  t h e  bulk p r o p e l l a n t  i s  dep le t ed .  
u l l a g e  on ly  i s  a v a i l a b l e  t o  supply t h e  annulus and w i l l  be i n g e s t e d  
with outflow. The annulus ,  t h e r e f o r e ,  r e p r e s e n t s  t h e  r e s i d u a l  pro- 
p e l l a n t .  It should be kept  as s m a l l  as p r a c t i c a l  so  t h a t  expuls ion 
e f f i c i e n c i e s  of 99%, o r  more, are ach ievab le .  

With f u r t h e r  expuls ion,  

The second c a p i l l a r y  concept ,  F igu re  I I I - l9b ,  u ses  on ly  a por- 
t i o n  of t h e  t o t a l  l i n e r  concept as a start t ank  ( t r a p )  w i t h i n  t h e  
p r o p e l l a n t  tank., The foraminous l i n e r  i s  confined t o  t h e  propel- 
l a n t  a c q u i s i t i o n  dev ice  on ly ,  as shown, b u t  p rov ides  t h e  same func- 
t i o n  as i n  t h e  complete l i n e r .  Communication between t h e  bulk pro- 
p e l l a n t  ( o u t s i d e  t h e  t r a p )  and t h e  t r a p  is  achieved by p r o p e l l a n t  
s e t t l i n g  du r ing  engine burns.  During t h e  la t ter ,  provided t h a t  
t h e  magnitude of t h e  v e h i c l e  a c c e l e r a t i o n  and d u r a t i o n  of t h e  burn 
per iod are adequate  (Ref I I I -103) ,  t h e  bulk p r o p e l l a n t  w i l l  be  
s e t t l e d  over t h e  t r a p  and w i l l  supply l i q u i d  t o  t h e  dev ice  wi th  
continued outflow. The t r a p  volume i s  s i z e d  t o  hold a s u f f i c i e n t  
p r o p e l l a n t  q u a n t i t y  so t h a t  gas-free l i q u i d  i s  supp l i ed  during t h e  
engine s t a r t u p  and du r ing  t h e  p r o p e l l a n t  s e t t l i n g  phase. With 
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~ 3 ~ 2 ~  sng ine  burn,  some u l l a g e  w i l l  be  inges t ed  by t h e  t r a p  u n t i l  
t h e  bu lk  p r o p e l l a n t  is  s e t t l e d .  This  amount must be considered 
i n  s i z i n g  t h e  t r a p  u n l e s s  t h e  c o v e r p l a t e  on t h e  t r a p  (Figure III- 
3.9'0) i s  designed t o  a l low gas  t o  be purged du r ing  burns as t h e  
t r a p  i s  r e f i l l e d  w i t h  l i q u i d .  I n  t h i s  r e f i l l a b l e  case, t h e  pores  
of t h e  c o v e r p l a t e  are s e l e c t e d  l a r g e  enough t o  be u n s t a b l e  under 
t h e  v e h i c l e  a c c e l e r a t i o n  during burn p e r i o d s ,  and u l l a g e  may be 
c o n p l e t e l y ,  o r  a t  least p a r t i a l l y ,  purged from t h e  t r a p  du r ing  
each burn u n t i l  t h e  bulk p r o p e l l a n t  i s  dep le t ed .  

The t r a p  volume is  completely f i l l e d  w i t h  l i q u i d  du r ing  tank 
loading and t h e  i n i t i a l  u l l a g e  i s  pos i t i oned  o u t s i d e  t h e  t r a p .  A 
vacuum f i l l  i s  p r e f e r r e d ,  as  w i t h  t h e  f u l l  l i n e r  concept ,  t o  pre- 
v e n t  wicking of t h e  f i n e l n e s h  foraminous material and p e r m i t  com- 
p l e t e  f i l l i n g  of the a n n u l i  and t r a p  volumes wi th  l i q u i d  (Ref III- 
104). Wicking w i l l  tend t o  t r a p  gas  i n  a n n u l i  and t h e  a c q u i s i t i o n  
d e v i c e  ( t r a p ) .  A vacuum f i l l  technique w i l l  cause t h e  l i q u i d  t o  
v a p o r i z e  r a t h e r  t han  wick t h e  foraminous material. I f  a vacuum 
f i l l  is n o t  p r a c t i c a l ,  nonwicking material* may be used o r  tech- 
n iques  t o  v e n t  t h e  t rapped gas  e i t h e r  t o  t h e  c e n t r a l  u l l a g e  space 
o r  overboard may b e  employed (Ref 151-104). Once t h e  t r a p  i s  f u l l  
o f  l i q u i d ,  i t  w i l l  remain so du r ing  t h e  launch and boost phases i f  
t h e  t ank  o u t l e t  i s  po in ted  toward Ea r th .  I f  t h e  t ank  i s  launched 
w i t h  t h e  o u t l e t  pointed away from Ear th ,  t h e  c o v e r p l a t e  must pro- 
v i d e  s t a b i l i t y  and prevent l i q u i d  l o s s  from t h e  t r a p  under t h e  
boost a c c e l e r a t i o n  environment. The c o v e r p l a t e  des ign  must a l s o  
a s s u r e  t h a t  s u f f i c i e n t  l i q u i d  i s  contained du r ing  low-g accelera- 
t i o n s  due t o  drag and a t t i t u d e  c o n t r o l  maneuvers. Cri t ical  dimen- 
s i o n l e s s  design parameters  f o r  i n t e r f a c e  s t a b i l i t y  under s t a t i c  
and dynamic c o n d i t i o n s  have been v e r i f i e d  experimental ly  and a re  
a v a i l a b l e  i n  t h e  l i t e r a t u r e  (Ref 111-105 and 111-106). 

The t r a p  concept w i l l  provide expuls ion e f f i c i e n c i e s  of 99.5%, 
o r  more, s i n c e  p r o p e l l a n t  outage i s  t h e  small annulus volume. The 
t r a p  dev ice  is  smaller and lower i n  weight t han  t h e  t o t a l  l i n e r .  
Single-phase l i q u i d  expuls ion of t h e  t r a p  volume can be demonstrated 
under minus 1. g. 

The t h i r d  concept ,  F i g u r e  III-19c, i s  designed t o  meet t h e  low- 
g mission requirements  only;  fine-mesh material does n o t  have t o  
be used. The concept ,  as  shown, relies upon c a p i l l a r y  p r e s s u r e  
d i f f e r e n c e s  t o  pump and c o n t a i n  l i q u i d  i n  t h e  sump dev ice  over t h e  

*As expe r imen ta l ly  v e r i f i e d  (Ref I I I -105) ,  Dutch T w i l l  c l o t h  
wicks even i n  1 g due t o  i t s  i n t e r n a l  c a p i l l a r y  network of warp 
and s h u t e  w i r e s ,  O n  t h e  o t h e r  hand, p e r f o r a t e d  p l a t e  and square- 
weave sc reen  do n o t  wick. 
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tank o u t l e t  during t h e  low-g pe r iods  of t h e  mission (Ref 111-107 
and 111-108). The vaned-sump i s  designed so t h a t ,  when it i s  par- 
t i a l l y  f i l l e d  w i t h  l i q u i d ,  a lower p r e s s u r e  w i l l  exist i n  t h e  sump 
l i q u i d  than  i n  any sepa ra t ed  bulk l i q u i d  due t o  c a p i l l a r y  f o r c e s .  
In p r a c t i c e  t h i s  is  achieved by use  of t u b e s ,  p l a t e s ,  concen t r i c  
cones, o r  o t h e r  geometr ies ,  t o  p rov ide  closely-spaced s u r f a c e s .  
(This spacing,  o r  gap s i z e ,  becomes t h e  R v a l u e  i n  t h e  c a p i l l a r y  
p r e s s u r e  d i f f e r e n c e  equa t ions . )  

The c ruc i fo rml type  duct  connects t h e  sump t o  r e g i o n s  where 
p r o p e l l a n t  may rest  du r ing  low g. 
f i l l e d  wi th  l i q u i d ,  a p r e s s u r e  d e f i c i e n c y  e x i s t s  i n  t h e  l i q u i d  
when compared t o  t h e  bulk p r o p e l l a n t .  This  cond i t ion  r e s u l t s  be- 
cause t h e  bulk p r o p e l l a n t  i s  less inf luenced by c a p i l l a r y  f o r c e s  
s i n c e  i t s  c h a r a c t e r i s t i c  dimension (R) approximates t h e  tank r a d i u s ,  
whereas t h e  duct  has a smaller dimension. 
w i l l ,  t h e r e f o r e ,  be c l o s e r  t o  t h a t  f o r  t h e  u l l a g e .  It w i l l  tend 
t o  flow i n t o  t h e  duct  because of t h i s  p r e s s u r e  d i f f e r e n c e ,  Since 
t h e  l i q u i d  p r e s s u r e  i n  t h e  sump i s  less t han  t h a t  i n  t h e  duct  due 
t o  t h e  sump having smaller openings (smaller  R v a l u e s ) ,  t h e  l i q u i d  
w i l l  con t inue  t o  f low from t h e  duct  i n t o  t h e  sump. The b a s i c  de- 
s i g n  c r i t e r i o n  i s  t h a t  t h e  c a p i l l a r y  p r e s s u r e  d i f f e r e n c e  i s  g r e a t -  
est f o r  t h e  sump. If t h i s  i s  s a t i s f i e d ,  t h e  l i q u i d  p r e s s u r e  poten- 
t i a l  w i l l  pump l i q u i d  i n t o  t h e  sump. 

When t h e  duc t  i s  on ly  p a r t i a l l y  

The bu lk  l i q u i d  p r e s s u r e  

The i n t e r f a c e  s t a b i l i t y  provided by t h i s  s imple c a p i l l a r y  con- 
cept  i s  much less than  f o r  t h e  fine-mesh devices .  S t a b i l i t y  i s ,  
however, a lesser concern s i n c e  t h e  sump i s  r e f i l l a b l e .  
can p rov ide  expuls ion e f f i c i e n c i e s  of 99.5%, o r  more. Since f i n e  
mesh sc reen  and p e r f o r a t e d  p l a t e  are  not  used,  f a b r i c a t i o n ,  assem- 
b l y  and c l ean ing  are lesser c o n s i d e r a t i o n s  than wi th  t h e  fine-mesh 
sc reen  dev ices  e 

The system 

2. System Evaluation 

The s c r e e n / t r a p  d e s i g n ,  as shown i n  F i g  I I I - l g b ,  w a s  s e l e c t e d  
f o r  t h e  comparative eva lua t ion .  
and mission requirements  f o r  t h e  t h r e e  p l a n e t a r y  missions.  Gas- 
f r e e  l i q u i d  expuls ion performance can a l s o  be demonstrated f o r  t h e  
f u l l - s c a l e  t r a p  us ing  t h e  b a s e l i n e  p r o p e l l a n t s  under t h e  minus one-g 
tes t  cond i t ion .  

This  d e v i c e  can s a t i s f y  t h e  system 

The p re l imina ry  des ign  i s  summarized i n  Table 111-14. The de- 
u l l a g e  is  no t  purged from t h e  t r a p  s i g n s  are not  r e f i l l a b l e ,  i . e .  

during engine burns,  Materials o f  c o n s t r u c t i o n  are aluminum f o r  
Mission A1 ar?d t i t a n i u m  f o r  Missions A, and B. The sc reen  m a t e -  
r ia ls  w e r e  s e l e c t e d  based upon c o m p a t i b i l i t y  and mesh s i z e  
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requirements.  Mesh s i z e s  f o r  t h e  c o v e r p l a t e  and l i n e r  are pre- 
sented i n  t h e  t a b l e .  
98.8%, f o r  Mission B r e s u l t s  because o€ t h e  lower i n i t i a l  propel-  
l a n t  loaded (50%) wi th  t h e  blowdown system. 

The lower minimum expuls ion e f f i c i e n c y ,  

a ,  R e l i a b i l i t y  - Surface t e n s i o n  dev ices  are completely pas- 
s i v e ,  T e e e 3  they have no moving p a r t s .  Ca ta s t roph ic  f a i l u r e  of 
t h e  dev ice  w i l l  occur  when t h e r e  is  i n s u f f i c i e n t  p r o p e l l a n t  i n  t h e  
t r a p  t o  accomplish an  engine s tar t .  An unexpected a c c e l e r a t i o n  
exceeding the t r a p  s t a b i l i t y  design may cause l o s s  of p r o p e l l a n t  
from t h e  t r a p ;  however, s i n c e  t h e  dev ice  i s  designed f o r  minus l-g 
t e s t i n g ,  t h i s  would be u n l i k e l y  du r ing  t h e  a c t u a l  mission,  Pro- 
p e l l a n t  may a l s o  leave t h e  t r a p  dev ice  because of evaporat ion.  
s i z e  of the r e s e r v o i r  may be inc reased  t o  a l low f o r  evaporat ion.  
Designs could a l s o  i n c o r p o r a t e  c a p i l l a r y  channels  t o  pump l i q u i d  
back t o  t h e  t r a p .  

The 

An anomalous f a i l u r e  mode would b e  u l l a g e  p e n e t r a t i o n  i n t o  the 
annulus. 
o r  an  unexpected a c c e l e r a t i o n  exceeding po re  s t a b i l i t y .  
s u l t ,  some gas  would be inges t ed  du r ing  l i q u i d  outflow. 

The anomalous f a i l u r e  may r e s u l t  from pore enlargement 
A s  a re- 

b,  Mass - A compilat ion of dev ice  weight and weight p e n a l t i e s  
a s ses sed  f o r  each mission i s  presented i n  Table 111-15. D i f f e rences  
i n  t h e  dev ice  weight between t h e  s p h e r i c a l  and c y l i n d r i c a l  t anks  
are n e g l i g i b l e .  

The dev ice  i t s e l f  i s  low i n  weight s i n c e  i t  c o n s i s t s  of foram- 
inous material and t h i n  p l a t e s .  Because t h e r e  i s  i n t i m a t e  c o n t a c t  
between t h e  u l l a g e  and t h e  p r o p e l l a n t ,  t h e  d e v i c e  w a s  pena l i zed  
f o r  d i s so lved  p r e s s u r a n t  and vaporized p r o p e l l a n t  (Chapter IV, Sec- 
t i o n  B). Engine o p e r a t i o n  was assumed t o  end when t h e  on ly  propel- 
l a n t  remaining w a s  contained i n  t h e  annulus.  Gas-free p r o p e l l a n t  
a t  t h e  o u t l e t  can no longer  be guaranteed beyond t h i s  p o i n t .  The 
m a s s  of t h e  p r o p e l l a n t  remaining i n  t h e  annulus (a measure of t h e  
expuls ion e f f i c i e n c y )  i s  t h e  weight p e n a l t y  due t o  outage.  

c. Design S c a l a b i l i t y  and P r o d u c i b i l i t y  

1) Design S c a l a b i l i t y  - The design i s  s c a l a b l e  and can be 
app l i ed  t o  t h e  t a n k  s i z e s  and shapes,  p r o p e l l a n t s ,  and a c c e l e r a t i o n  
environments f o r  t h i s  s tudy (Ref 111-99 and 111-105). 

2 )  Manufac tu rab i l i t y  - S i m i l a r  systems have been f a b r i -  
c a t e d ,  q u a l i f i e d ,  and flown s u c c e s s f u l l y .  Techniques f o r  welding 
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Table 111-14 Summary of Trap Designs (Prelim Analysis) 

Refillable 
Trap Volume, cu ft 
Depth of Trap, ft 
Screen : 
Coverplate (Mesh 
Liner (Mesh) 

E x ~ u l  sion Efficiency 

Mission AI 

No 
0.34 
0.29 

A1 uminum 
200 x 1400 
200 x 1400 
Pleated 
- >99.6% 

Eission A2 

No 
0.38~ 
0.31 

Titanium 
180 x 180 
180 x 180 
P1 eated 
- >99.6% 

Table 111-15 Surface Tension System Mass 

Dry device weight (aluminum) 
Propellant in annulus (outage) 
Penalty for ul lage-propellant 
contact 

Total Mass 

Dry devtce wefght (titanium) 
Propellant in annulus (outage) 
Penalty for ullage-propellant 
contact 

Total Mass 

Dry device weight (titanium) 
Propellant in annulus (outage) 
Penal ty for ul 1 age-propel 1 ant 
con tact 

Total Mass 

Mission B 

No 
0.11 
10.22 

Ti tan ium 
180 x 180 

100 x 100 
P1 eated 
- 298.8% 

MISSION A1 

2 Tanks 4 Tanks 
(I'm) (''mi 

2.8 3.8 
4.7 5.9 

7.7 - 7.7 - 
15.2 17.4 

MISSION A2 

2 Tanks 4 Tanks 
('A) ('bm) 

4.8 6.6 
5.8 7.3 

2.0 

12.6 15.9 

MISSION B 

- 2.0 - 

1 Tank 
(l bm) 
1.5 
1.6 

0 

3.1 

- 
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s t a i n l e s s  steel and aluminum sc reen  material are developed and have 
been i n  u s e  f o r  many y e a r s  i n  t h e  f i l ter  i n d u s t r y .  More experience 
is  r e q u i r e d  w i t h  t h e  t i t an ium;  however, no major problems are fo re -  
seen - 

A concen t r i c  l i n e r  made of f l a t  s c r e e n  material must be 
supported away from t h e  t a n k  w a l l  t o  o b t a i n  the proper  annulus  gap 
width. 
t h e  sc reen  used f o r  t h e  l i n e r ,  manufacturing problems are minimized. 
The p l e a t e d  sc reen ,  because of i t s  s t r u c t u r a l  i n t e g r i t y ,  i s  s e l f -  
support ing;  t h e  l i n e r  rests a g a i n s t  t h e  tank w a l l  t o  form t h e  annu- 
l u s  and no a d d i t i o n a l  support  is  needed. 

A p e r f o r a t e d  p l a t e  may be lased f o r  support .  By p l e a t i n g  

3)  Subscale T e s t  S c a l a b i l i t y  - Dimensionless numbers have 

Drop tower and bench tests have been 
been v e r i f i e d  from p rev ious  tests wi th  s u r f a c e  t e n s i o n  dev ices  
(Refs 111-99 and 111-105). 
used s u c c e s s f u l l y .  

d. Compa t ib i l i t y  w i t h  Adjacent Components and P r o p e l l a n t s  

1) Prope l l an t /Mate r i a l  Compa t ib i l i t y  - The same material 
can b e  used t o  manufacture t h e  s u r f a c e  t e n s i o n  dev ice  and t h e  t anks .  
Alumlnum sc reen  material i s  a v a i l a b l e  f o r  Mission A I ,  and t i t a n i u m  
sc reen  is  a v a i l a b l e  f o r  Missions A2 and Be 
demonstrated t h a t  dev ices  f a b r i c a t e d  w i t h  sc reen  materials and rep- 
r e s e n t a t i v e  metal j o i n i n g  techniques can be cleaned and p a s s i v a t e d  
€or  t h e  s t r i n g e n t  requirements  of f l u o r i n e  service (Ref 111-109) 

Mart in  Marietta has  

2)  P r e s s u r i z a t i o n  System Compa t ib i l i t y  - Since t h e r e  is  
i n t i m a t e  c o n t a c t  between p r e s s u r a n t  and p r o p e l l a n t ,  some p r e s s u r a n t  
w i l l  d i s s o l v e  and some of t h e  p r o p e l l a n t  w i l l  vapor i ze ,  This  is  
discussed more f u l l y  i n  Chapter I V ,  Sect ion B; however, i t  is  n o t  
a s e r i o u s  problem. 

P r o p e l l a n t  may vapor i ze  from t h e  r e s e r v o i r  and COR- 

dense elsewhere due t o  hea t  soak-back from t h e  engine and e x t e r n a l  
hea t ing .  The t r a p  volume may be s i z e d  t o  a l low f o r  t h i s  o r  it may 
be d e s i r a b l e  t o  provide channels from t h e  t r a p  c o v e r p l a t e  t o  t h e  
oppos i t e  end of t h e  tank. The channels  w i l l  provide communication 
wi th  t h e  condensed p r o p e l l a n t  and t r a p .  

3 )  Tankage Compa t ib i l i t y  - The dev ice  i s  compatible wi th  
t h e  t ank  s izes  and shapes of i n t e r e s t ,  
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4 )  - Performance - -  - Surface tension devices can satisfac- 
torily meet the mission requirements. 
vide any number of short duration burns before and after the in- 
sertion burn. An expulsion efficiency of 99.6%, or more, can be 
provided for Missions A1 and A2 and 98.8%, or more, can be provided 
for Mission B, 

They can be designed to pro- 

e. Performance Testability 

1) Verification of Operational Readiness - Surface tension 
devices can be designed and built to expel the actual propellants 
under the minus 1-g test condition. The full-scale device can be 
demonstrated. This test would be performed as an acceptance test 
of the actual flight article in order to demonstrate its compat- 
ibility, integrity, and performance. The capillary devices are 
not cycle limited. 

2) Development - The Agena, Transtage, and Apollo SPS 
have successfully flown similar capillary systems. No additional 
development is required. 
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F. EXTERNAL SETTLING 

I n  cons ide r ing  e x t e r n a l  s e t t l i n g  systems f o r  p r o p e l l a n t  ac- 
q u i s i t i o n ,  an  a n a l y s i s  w a s  conducted t o  d e f i n e  t h e  system requ i r ed  
f o r  each of t h e  b a s e l i n e  missions.  An e v a l u a t i o n  w a s  then made on 
t h e  u s e  of t h e s e  systems. 

1. Analysis 

To s i z e  a s e t t l i n g  r o c k e t  system, t h e  p r o p e l l a n t  s e t t l i n g  ra te  
must b e  e s t a b l i s h e d .  I f  t h e  r o c k e t  t h r u s t  is  e i t h e r  too h igh  o r  
too low, optimum performance w i l l  n o t  b e  obtained wi th  r e s p e c t  t o  
t h e  amount of s e t t l i n g  r o c k e t  p r o p e l l a n t  r equ i r ed .  The d rag  of 
t h e  s p a c e c r a f t  becomes s i g n i f i c a n t  i f  t h e  t h r u s t  is s m a l l ;  t h i s  
f u r t h e r  complicates t h e  a n a l y s i s .  

For a c y l i n d r i c a l  tank,  t h e  optimum s e t t l i n g  a c c e l e r a t i o n  i s  
obtained when t h e  s e t t l i n g  Bond number i s  5 .1  (Ref 111-110). 
Therefore ,  a v a l u e  of f i v e  f o r  t h e  s e t t l i n g  Bond number w a s  used 
f o r  t h e  a n a l y s i s .  
tank and somewhat conse rva t ive  f o r  a spherical tank. 
Bond number equa t ion ,  

This  v a l u e  should b e  adequate  f o r  a c y l i n d r i c a l  
From the 

p a r 2  Bo = 
B 

t h e  optimum s e t t l i n g  a c c e l e r a t i o n  i s  determined as 

[ I11-14J 

[ 111-15 J 

The s e t t l i n g  t i m e  i s  t h e  t i m e  between t h e  f i r i n g  of t h e  s e t t l i n g  
r o c k e t s  and t h e  p o i n t  a t  which t h e  p r o p e l l a n t  i s  s e t t l e d  s u f f i -  
c i e n t l y  t o  gua ran tee  proper main engine s tar t .  Therefore ,  t h e  
t i m e  allowed f o r  s e t t l i n g  must t a k e  i n t o  account t h e  worst  p o s s i b l e  
i n i t i a l  o r i e n t a t i o n ,  s l o s h i n g  and geyser ing a t  t h e  i n l e t ,  and t h e  
ra te  a t  which bubbles leave t h e  l i q u i d .  When t h e r e  i s  a r e l a t i v e l y  
motionless  and gas-free volume of l i q u i d  l o c a t e d  over t h e  t ank  out- 
l e t ,  t h e  main engine can b e  s t a r t e d .  This  l i q u i d  volume must b e  
s u f f i c i e n t  t o  fill t h e  f e e d l i n e s ,  s tart  t h e  engine and b u i l d  t h e  
t h r u s t  t o  t h e  p o i n t  where t h e  a c c e l e r a t i o n  w i l l  cont inue t h e  set-  
t l i n g  of p r o p e l l a n t .  
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There are no r e l a t i v e l y  simple means of c a l c u l a t i n g  t h e  t ime 
r equ i r ed  t o  se t t le  p r o p e l l a n t s  and a c c u r a t e l y  account f o r  a l l  t h e  
above f a c t o r s  f o r  t h e  wide r ange  of p r o p e l l a n t  volume involved 
throughout t h e  missions.  However, f r e e - f a l l  equa t ions  can be used 
wi th  a s a f e t y  

One f r e e - f a l l  
f l u i d  t o  f a l l  

f a c t o r  (T) t o  e s t i m a t e  s e t t l i n g  t i m e  (Ref 111-111): 

t ime p e r i o h  i s  t h e  time requ i r ed  f o r  a p a r t i c l e  of 
t h e  d e s i r e d  d i s t a n c e  (ds) .  Af t e r  f i ve  of t h e s e  t ime 

[ 111-161 

u n i t s  (T = 51, t h e  f l u i d  i s  s u f f i c i e n t l y  s e t t l e d  t o  permit engine 
start a The p rev ious ly  d i scussed  optimum s e t t l i n g  a c c e l e r a t i o n  is  
employed i n  t h e  c a l c u l a t i o n .  
t a t e d  a t  the end of t h e  t ank  o p p o s i t e  t h e  o u t l e t  and t h e  i n t e r f a c e  
is  assumed t o  b e  f l a t .  U l t r a c o n s e r v a t i v e  answers are u s u a l l y  ob- 
t a ined  when t h i s  approach i s  app l i ed  t o  experimental  d a t a  s i n c e  
geysering and s losh ing  due t o  s e t t l i n g  are damped o u t ,  en t r a ined  
gas bubbles are removed, and a r e l a t i v e l y  qu ie scen t  l i q u i d  i s  
a t t a i n e d  over t h e  o u t l e t  w i th in  t h i s  t ime pe r iod ,  

The l i q u i d  i s  assumed t o  be or ien-  

Another method of determining t h e  s e t t l i n g  t i m e  i n  c y l i n d r i c a l  
tanks i s  t o  c a l c u l a t e  t h e  v e l o c i t y  o f  t h e  i n t e r f a c e  (Ref 111-111) 
and 111-112): 

I f  t h e  i n t e r f a c e  v e l o c i t y  i s  assumed c o n s t a n t ,  s e t t l i n g  t i m e  is 
obtained as: 

h t = - -  
v 

where h i s  t h e  h e i g h t  of t h e  
l i q u i d  when t h e  i n t e r f a c e  i s  
f l a t  as shown i n  F igure  111-21.  
I f  t h e  u l l a g e  volume i s  s m a l l p  
t h e  s e t t l i n g  t i m e  obtained i s  

u s i n g  t h e  f r e e - f a l l  equat ions.  
For l a r g e  u l l a g e  volumes, t h i s  
method i s  n o t  a p p l i c a b l e  s i n c e  
v i s  n o t  r e p r e s e n t a t i v e  of t h e  
a c t u a l  s i t u a t i o n  i n  t h e  tank. 

1 
a w i t h i n  5% of t h a t  c a l c u l a t e d  

t 

i n i t i a l  Condition 
I n i t i a t i o n  o f  S e t t l i n g  
S e t t l i n g  Complete 

Figure 111-21 Propel lan t  S e t t l i n g  

[ 111-171 

[ 111-181 
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The r equ i r ed  s e t t l i n g  r o c k e t  t h r u s t  is  obtained from t h e  i n i -  
t i a l  m a s s  of t h e  s p a c e c r a f t  and t h e  optimum s e t t l i n g  a c c e l e r a t i o n :  

F = Ma. [ 111-191 

S ince  t h e  s p a c e c r a f t  m a s s  dec reases  throughout t h e  mission as pro- 
p e l l a n t s  are used, a corresponding i n c r e a s e  i n  s e t t l i n g  accelera- 
t i o n  w i l l  occur .  The t o t a l  impulse and amount of p r o p e l l a n t  re- 
qu i r ed  f o r  t h e  e x t e r n a l  s e t t l i n g  rocke t  system is  obtained from 
t h e  c a l c u l a t e d  s e t t l i n g  r o c k e t  t h r u s t ,  t h e  t o t a l  s e t t l i n g  r o c k e t  
o p e r a t i n g  t i m e ,  and t h e  p r o p e l l a n t  s p e c i f i c  impulse: 

It = F t t  [ 111-201 

[ 111-211 

The t o t a l  s e t t l i n g  racket o p e r a t i n g  t i m e  is t h e  sum of t h e  i n d i -  
v i d u a l  s e t t l i n g  times requ i r ed  t o  s e t t l e  t h e  main p r o p e l l a n t s  f o r  
each main engine burn.  

For Missions A I ,  A 2 ,  and B ,  t h e  va lues  c a l c u l a t e d  from t h e  
above a n a l y s i s  are p resen ted  i n  Tables 111-16, 111-17, and 111-18, 
r e s p e c t i v e l y .  Both c y l i n d r i c a l  and s p h e r i c a l  main p r o p e l l a n t  tanks 
were considered f o r  each mission;  two- and four-main p r o p e l l a n t  
tanks were considered f o r  Missions A1 and A 2 .  It w a s  assumed t h a t  
no v e n t i n g  of t h e  main tanks w a s  r equ i r ed  and t h a t  p r o p e l l a n t  set- 
t l i n g  would be accomplished p r i o r  t o  each main engine burn. 

2 .  System Evaluation 

I n  o r d e r  t o  f a c i l i t a t e  t h e  e v a l u a t i o n ,  a s e t t l i n g  r o c k e t  sys- 
t e m  t h a t  appears  t o  b e s t  match t h e  mission requirements and pro- 
v i d e  t h e  b e s t  o v e r a l l  performance w a s  s e l e c t e d .  This  system, shown 
i n  F igu re  111-22, u t i l i z e s  two c o l d  gas je ts  (gaseous n i t r o g e n )  
and i n c l u d e s  i t s  own independent supply tank,  v a l v e s ,  and feed- 
l i nes .  The gaseous n i t r o g e n  i s  s t o r e d  i n i t i a l l y  a t  3000 p s i  and 
500"R i n  a s p h e r i c a l  6AR-4V t i t a n i u m  tank.  Explosively operated 
valves wi th  redundant squ ibs  are used t o  s t a r t  and s t o p  t h e  rock- 
ets. The system i l l u s t r a t e d  has  enough v a l v e s  t o  accomplish t h e  
main burns r e q u i r e d  f o r  Mission B.  For Missions A1  and A 2 ,  t h e  
systems would n o t  have t h e  f i r s t  t h r e e  sets of squ ib  va lves  be- 
cause t h e r e  are only s i x  bu rns .  
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Table 111-16 Se t t l i ng  Rocket Requirements Mission A ,  

Total rocket operating time, 

I s ec 

Longest s e t t l e  time, sec 

Rocket thrust, lbf 

Total impulse, lbf-sec 

Se t t l i ng  rocket propellant 
mass, lbm* 

Monopropellant N2H4 

Gaseous he1 i urn 

Gaseous nitrogen 

207 

0.68 

610 

3.1 
4.5 
10.2 

: CAL 

4 TANKS 

0.0046 

635 

146 

1.07 

679 

3.4 
5.0 
11.3 

*N2H4 I = 200, He I = 136; N 2  I = EO 

Spacecraft mass = 7500 lbm 
S P  S P  SP 

C Y L I N D  
2 TANKS 

( L / D  = 1.33) 

0.0038 

843 

196 

0.89  

746 

3.7 
5,5 
12.4 

: CAL 
4 TANKS 

, L / D  = 1.7) 

0. a074 

574 

i35 

1.70 

976 

4.9 
7.2 
16.3 
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Table 111-17 Se t t l i ng  Rocket Requirements, Mission A, 

Optimum s e t t l  i ng accel e r a t i  on 
f t / s e c 2  

Total rocket operating time, 
sec 

Longest s e t t l e  time, sec 

Rocket thrust, lbf 

Total impulse, lbf-sec 

Se t t l i ng  rocket propel lan t  
Mass, lbm* 

Monopropel l an t  N 2 H 4  
Gaseous he1 i urn 
Gaseous nitrogen 

SPHERICAL 

2 TANKS 

0 0035 

839 

193 

0.82 

685 

3.4 

5.0 

11.4 

*N,HL, I = 200, He I = 136; N2 I = 60 

Spacecraft mass = 7500 lbm 
SP SP S P  

4 TANKS 

0 (I 0054 

604 

139 

1.26 

761 

3.8 

5.6 
.2.7 

CYLINDRICAL 
2 TANKS 

( L / D  = 1.46) 

0.0050 

768 

179 

1.16 

89 1 

4.5 
6.6 

14.8 

4 TANKS 
: L / D  = 1.88) 

0.0098 

522 

123 

2.28 

1190 

6.0 

8.8 
19.8 
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Table 111-18 Se t t l i ng  Rocket Requirements, Mission B 

O p t i m u m  s e t t l i n g  a c c e l e r a t i w ,  
f t /sec2 

Total rocket operating time, 
s ec 

Longest s e t t l e  time, sec 

Rocket t h rus t ,  Ib f  

Total impulse, lbf-sec 

Se t t l i ng  rocket propellant 
massg lbm* 

Monopropel l an t  N 2 H 4  
Gaseous he1 i um 
Gaseous nitrogen 

SPHERICAL TANK 

0.013. 

675 

88 

0.38 

259 

1.3 

1.9 
4.3 

CYLINDRICAL TANK 
( L / D  = 1.79) 

0 0187 

614 

80 

0.65 

40 1 

2.0 

2.9 
6.7 

= 200, He I = 136; N2 I = 60 
SP SP 

*N2H4 Isp 

Spacecraft mass = 1124 lb, 
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~ O ~ ~ L L ~  OPEN SQUIB OPERATED VALVE 

F i g u r e  111-22 S e t t l i n g  Rocket System Schematic 
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P r i o r  t o  each main engine burn,  a normally c losed  i s o l a t i o n  
va lve  is  opened on command from t h e  s p a c e c r a f t  sequence system. 
The quad-redundant r e g u l a t o r  package reduces t h e  supply p r e s s u r e  
t o  t h e  s e t t l i n g  rocke t  ope ra t ing  p r e s s u r e .  A f t e r  t h e  s e t t l i n g  
system has  operated f o r  t h e  necessary d u r a t i o n ,  t h e  sequencer 
opens t h e  main engine va lves  and c l o s e s  t h e  normally open s e t t l i n g  
rocke t  i s o l a t i o n  v a l v e ,  

From Tables 111-16 t h r u  111-18, it can b e  seen  t h a t  t h e  b e s t  
s e t t l i n g  rocke t  system performance is  ob ta ined  w i t h  t h e  two-spher- 
i c a l  p r o p e l l a n t  t ank  conf igu ra t ion  f o r  Missions A1 and A, and wi th  
t h e  s i n g l e  s p h e r i c a l  p r o p e l l a n t  t ank  f o r  Mission Be These confi-  
gu ra t ions  were assumed f o r  t h e  eva lua t ion .  

a.  R e l i a b i l i t y  - Determination of t h e  p o s s i b l e  f a i l u r e  modes 
i s  based on t h e  components considered c r i t i ca l  t o  t h e  o p e r a t i o n  
of t h e  system. Those f a i l u r e  modes whose p r o b a b i l i t y  i s  extremely 
low i n  comparison t o  o t h e r  p o s s i b l e  modes were n o t  considered.  
For example, t h e  p o s s i b i l i t y  of a c a t a s t r o p h i c  f a i l u r e  of t h e  sup- 
p ly  tank o r  l i n e s  w a s  r u l e d  o u t  on t h i s  b a s i s .  There are t h r e e  
p o s s i b l e  f a i l u r e  modes t h a t  would cause  t h e  system t o  become in-  
o p e r a t i v e :  (1) i s o l a t i o n  v a l v e  f a i l s  t o  open; (2)  i s o l a t i o n  valve 
f a i l s  t o  c l o s e ;  and (3 )  t h e  p o r t i o n  of t h e  onboard computer and 
sequencer p e r t i n e n t  t o  t h e  s e t t l i n g  system f a i l s  t o  o p e r a t e .  I n  
cons ide r ing  anomalous o p e r a t i o n  f a i l u r e  modes, t h e r e  are two pos- 
s i b l e  ways t h e  system could f a i l  t h a t  would n o t  n e c e s s a r i l y  a b o r t  
che mission:  (1) f a i l u r e  of t h e  r e g u l a t o r  package t o  provide t h e  
proper o u t l e t  p r e s s u r e ;  and (2)  abnormal s e t t l i n g  p r o p e l l a n t  gas 
leakage anywhere i n  t h e  system. 

b.  Mass - Based on t h e  c a l c u l a t e d  va lues  and estimates, t h e  
m a s s  of t h e  s e t t l i n g  r o c k e t  system is  compiled i n  Table 111-19. 
An i n c r e a s e  i n  system m a s s  would r e s u l t  from an i n c r e a s e  i n :  
t h e  r equ i r ed  t o t a l  impulse;  (2)  t h e  r e q u i r e d  t h r u s t ;  and (3)  t h e  
s e t t l i n g  p ropu l s ion  system requirements t o  t h e  p o i n t  where mono- 
p r o p e l l a n t  rocke t s  become d e s i r a b l e .  

(1) 
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Table 111-19 Sett l ing Rocket System Mass 

Gaseous nitrogen 

Valves 1 i nes regul a t o r  

c Design S c a l a b i l i t y  and P r o d u c i b i l i t y  

1) Design S c a l a b i l i t y  - Any change i n  t h e  q u a n t i t y  of 
p r o p e l l a n t  i n  t h e  main p r o p e l l a n t  tanks p r i o r  t o  each burn,  i n  

, t h e  number of bu rns ,  o r  i n  t h e  s p a c e c r a f t  dry weight ,  would cause 
a v a r i a t i o n  i n  t h e  design.  These changes are manifested i n  t h e  
s e t t l i n g  r o c k e t  t h r u s t  and t h e  amount of s e t t l i n g  rocke t  propel-  
l a n t  r e q u i r e d ,  Within a cer ta in  range of v a r i a t i o n ,  t h e s e  changes 
would r e s u l t  i n  a r e s i z i n g  of t h e  system i n  o r d e r  t o  ma in ta in  op- 
timum performance. A s  g r e a t e r  t h r u s t  and t o t a l  impulse are re- 
q u i r e d ,  a monopropellant r o c k e t  would become t h e  more d e s i r a b l e  
s y.s t e m  

The r e d e s i g n  r e q u i r e d  f o r  a monopropellant r o c k e t  
would i n t r o d u c e  many new problems. A c a t a l y s t  would b e  r e q u i r e d ,  
a p r o p e l l a n t  a c q u i s i t i o n  dev ice  and p r e s s u r i z a t i o n  system would 
b e  needed f o r  t h e  monopropellant,  and c o n s i d e r a t i o n  of p r o p e l l a n t  
c o m p a t i b i l i t y  would b e  r e q u i r e d .  Because of t h e s e  a d d i t i o n a l  re- 
quirements ,  t h e  monopropellant r o c k e t  system would b e  less re l i -  
a b l e  e 

2) Manufac tu rab i l i t g  - A l l  of t h e  components r e q u i r e d  f o r  
t h e  system have been manufactured f o r  u se  i n  a t t i t u d e  c o n t r o l  sys- 
t e m s .  The manufacture of t h i s  system should p r e s e n t  no new prob- 
l e m s  e 

3)  Subscale  Test S c a l a b i l i t y  - F u l l - s c a l e  tests of t h e  
cold gas  r o c k e t  system, by i t s e l f ,  are f e a s i b l e  wi th  parameters 
such as t h r u s t ,  s p e c i f i c  impulse,  and s e t t l i n g  rocke t  s t o r a b i l i t y  
determined. The i n h e r e n t  problem w i t h  t h i s  system is t h a t  proper  
r o c k e t  o p e r a t i o n  does no t  n e c e s s a r i l y  mean t h a t  t h e  p r o p e l l a n t s  
are s e t t l e d .  For systems such as b l a d d e r s ,  o r i e n t a t i o n  of t h e  
p r o p e l l a n t  is  i n h e r e n t  i n  proper  system o p e r a t i o n ,  
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Subscale  tests t o  v e r i f y  t h e  p r o p e l l a n t  s e t t l i n g  t i m e s  
may b e  d e s i r a b l e .  The techniques f o r  accomplLshing t h e s e  types of 
tests i n  a drop tower, o r  using a i r c r a f t ,  are w e l l  documented i n  
t h e  l i t e r a t u r e .  R e s u l t s  can b e  s c a l e d  t o  t h e  f u l l - s i z e  system. 

d e  Compa t ib i l i t y  w i th  Adjacent Components and P r o p e l l a n t s  

1) P r o p e l l a n t / M a t e r i a l  Compa t ib i l i t y  - The c o m p a t i b i l i t y  
between t h e  p r o p e l l a n t  f o r  t h e  s e t t l i n g  r o c k e t  system and t h e  com- 
ponents of t h e  system is  t h e  only area of concern s i n c e  t h e r e  is  
no c o n t a c t  w i th  t h e  main p r o p e l l a n t s .  U s e  of gaseous n i t r o g e n  f o r  
t h e  s e t t l i n g  p r o p e l l a n t  p r e s e n t s  no problem. 
p o i n t  of n i t r o g e n  makes i t  compatible w i t h  t h e  s p a c e c r a f t  thermal  
environment. 

The low b o i l i n g  

2) P r e s s u r i z a t i o n  System Compa t ib i l i t y  - The s e t t l i n g  
rocke t  system does n o t  i n t e r f a c e  d i r e c t l y  w i t h  t h e  p r e s s u r i z a t i o n  
system; however, t h e  p r o p e l l a n t  i n  t h e  main t ank  is  f r e e  t o  move 
about t h e  t ank  when t h e  s e t t l i n g  system i s  n o t  o p e r a t i n g  and t h e r e  
i s  c o n t a c t  between the p r e s s u r a n t  and the p r o p e l l a n t .  This  w i l l  
a f f e c t  t h e  p r e s s u r a n t  requirements ,  and p r e s s u r a n t  gas s o l u b i l i t y  
and p r o p e l l a n t  v a p o r i z a t i o n  must be considered.  

-~ 

3)  Tankage Compa t ib i l i t y  - The shape of t h e  main propel- 
l a n t  tanks determines t h e  magnitude of t h e  c a p i l l a r y  f o r c e  which 
opposes t h e  s e t t l i n g  f o r c e .  A s p h e r i c a l  tank o f f e r s  t h e  least re- 
s i s t a n c e  t o  t h e  s e t t l i n g  f o r c e  and t h e r e f o r e  i s  t h e  c o n f i g u r a t i o n  
r e q u i r i n g  t h e  smallest s e t t l i n g  t h r u s t  and t h e  least amount of 
s e t t l i n g  r o c k e t  p r o p e l l a n t .  

The s e t t l i n g  r o c k e t  t h r u s t  and p r o p e l l a n t  consumption 
i n c r e a s e s  as t h e  L/D r a t i o  f o r  a c y l i n d r i c a l  tank i n c r e a s e s .  
Changing t h e  c o n f i g u r a t i o n  from two t o  f o u r  tanks increases t h e  
L/D r a t i o  and causes  a f u r t h e r  i n c r e a s e  i n  t h e  s e t t l i n g  r o c k e t  
system's s i z e  and m a s s .  

4 )  Performance - A s e t t l i n g  r o c k e t  system should b e  capa- 
b l e  of meeting t h e  mission and duty c y c l e  requirements .  
t h e  impact on t h e  guidance system must b e  considered i n  t h e  a p p l i -  
c a t i o n  of e x t e r n a l  s e t t l i n g .  T h e  low a c c e l e r a t i o n  levels of t h e  
s e t t l i n g  r o c k e t s  r e q u i r e  h i g h l y - s e n s i t i v e  accelerometers  t o  m e a s -  
u r e  t h e i r  c o n t r i b u t i o n  t o  t h e  s p a c e c r a f t  v e l o c i t y  increment.  The 
complexity and c a p a c i t y  of t h e  sequencing system must be inc reased  
i n  o rde r  t o  accomplish t h e  s ta r t  up, shutdown, and t iming of t h e  
burn d u r a t i o n ,  An a c c e p t a b l e  way t o  i n t e g r a t e  t h e  s e t t l i n g  pro- 
pu l s ion  system and t h e  main p ropu l s ion  system, s o  as t o  o b t a i n  
t h e  r equ i r ed  s m a l l  impulse b i t s ,  i s  e s s e n t i a l ,  

However, 
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e e Performance T e s t a b i l i t y  

1) V e r i f i c a t i o n  of Operat ional  Readiness - Other than  t h e  
squib-operated valves, t h e  e n t i r e  s e t t l i n g  r o c k e t  system could b e  
funct ioned and acceptance-tested without  any degrada t ion  of mate- 
r ia l s  o r  performance. The squ ib  va lves  p r e s e n t  no new problem 
since they are q u a l i f i e d  on a s t a t i s t i ca l  b a s i s .  

2) Development S t a t u s  - Simi la r  systems have been devel- 
oped, and used f o r  a t t i t u d e  c o n t r o l  and s t a t i o n  keeping of satel- 
l i tes .  

G a CAP ILLARY/BELLOWS 

1. System Description and Operation 

The c a p i l l a r y / b e l l o w s  system, a promising new concept devised 
under Con t rac t  NAS9-8939, Advanced PropeZZant Management System 
for  Spacecraft Propulsion Systems, appears  capab le  of s a t i s f y i n g  
t h e  propellant:  o r i e n t a t i o n  requirements of t h e  r e f e r e n c e  missions.  
This  concept,  desc r ibed  i n  Mart in  Marietta New Technology Disclo- 
s u r e  No. 4 6 ,  employs a bel lows accumulator t o  provide automatic  
r e f i l l  of t h e  bel lows wi thou t  t h e  need f o r  va lv ing  o r  o t h e r  com- 
p l i c a t e d  appa ra tus .  

The dev ice  c o n s i s t s  of a m e t a l  bellows f i t t e d  wi th  a f i n e  mesh 
s c r e e n  a t  i t s  movable end (as opposed t o  a s o l i d  p l a t e )  and a cy- 
l i n d r i c a l  s c r e e n  a t  i ts  f i x e d  end (Fig.  111-23). The f i x e d  end 

is  pos i t i oned  over t h e  t ank  out- 
l e t  forming a p r o p e l l a n t  t r a p .  
Operation of t h e  dev ice  is  shown 
i n  F igu re  111-24. Following 
i n i t i a l  f i l l  of t h e  dev ice  and 
p r o p e l l a n t  t ank ,  l i q u i d  i s  con- 
t a i n e d  w i t h i n  t h e  dev ice  by t h e  
c a p i l l a r y  f o r c e s  a c t i n g  a t  t h e  
s c r e e n  po res  even though an  

CAPILLARY SCREEN a p p r e c i a b l e  n e g a t i v e  accelera- 
t i o n  is  a p p l i e d  t o  t h e  system 
(Fig. III-24a). The maximum 
c a p i l l a r y  r e t e n t i o n  p r e s s u r e  
a c r o s s  t h e  s c r e e n  i s  given by: Figure 111-23 Capillary/Bellows System 

[ 111-91 20 A P ~  = cos e 
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wO 

A). COAST AND ENGINE 
START 

The r e t e n t i o n  

a a 

B) LIQUID SETTLING C) BELLOWS REFILL 

Figure 111-24 Operation o f  the Capillary/ 
Bellows Expulsion Device 

f o r c e  provided by t h e  s c r e e n  material must b e  g r e a t e r  
than t h e  sum of p e r t u r b i n g  f o r c e s  inc lud ing  t h a t  r e s u l t i n g  from t h e  
h y d r o s t a t i c  head w i t h i n  t h e  device.  
i ng  on t h e  s c r e e n  i s :  

The h y d r o s t a t i c  p r e s s u r e  act- 

APh = pah [ III-101 

where h i s  t h e  l i q u i d  head on t h e  sc reen  paral le l  t o  t h e  accelera- 
t i o n  v e c t o r .  Equations [ I I I -91 and [III-lo] are used t o  determine 
t h e  maximum a c c e l e r a t i o n  t h e  dev ice  can wi ths t and  without  gas i n -  
g e s t i o n  f o r  a given po re  s i z e .  

A t  engine start ,  p r o p e l l a n t  feed i s  supp l i ed  by t h e , u l l a g e  
p re s su re  compressing t h e  bellows. The s u r f a c e  t e n s i o n  f o r c e  of 
t h e  l i q u i d  a t  t h e  c a p i l l a r y  s c r e e n  i n t e r f a c e  p reven t s  gas penetra-  
t i o n  i n t o  t h e  bellows r e s e r v o i r  during t h e  compression c y c l e  (Fig. 
III-24b) e 

I n  o r d e r  f o r  t h e  bellows t o  b e  completely compressed (maximum 
expuls ion from t h e  t r a p ) ,  t h e  product of t h e  maximum p r e s s u r e  re- 
t e n t i o n  c a p a b i l i t y  of t h e  s c r e e n  and t h e  e f f e c t i v e  area of t h e  
bellows ( % ) m u s t  b e  g r e a t e r  than the  f o r c e  r e q u i r e d  t o  compress 

t h e  bellows : 
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[ 111-221 

[ 111-231 

Where F i s  t h e  bellows r e s t o r i n g  f o r c e ,  \ i s  t h e  bellows s p r i n g  

ra te ,  and y i s  t h e  bellows t r a v e l  from t h e  n u l l  p o s i t i o n .  Fi-  
n a l l y ,  as l i q u i d  sett les t o  t h e  t ank  bottom as a r e s u l t  of engine 
t h r u s t  (Fig.  111-24c), t h e  dev ice  w i l l  au tomat i ca l ly  r e f i l l  as 
l i q u i d  c o n t a c t s  t h e  sc reen  s u r f a c e s .  The p r e s s u r e  d i f f e r e n c e  
a c r o s s  t h e  dev ice  dec reases  t o  t h e  p r e s s u r e  drop due t o  flow through 
t h e  s c r e e n s  (Ape) when l i q u i d  c o n t a c t s  t h e  dev ice  s u r f a c e s .  Under 

t h i s  c o n d i t i o n ,  t h e  s p r i n g  f o r c e  of t h e  bellows i s  g r e a t  enough t o  
produce a reversal of t h e  Equation [LII-22] i n e q u a l i t y ,  i .e . ,  

b 

(ape) Ab < Fb’ 
[ 111-241 

which causes  t h e  bellows t o  expand and t h e  c a p i l l a r y / b e l l o w s  t r a p  
r e f i l l s  w i th  l i q u i d .  

The bellows r e s t o r i n g  f o r c e  i s  a product  of i ts  s p r i n g  rate 
and t h e  d i s t a n c e  moved from i ts  n u l l  p o s i t i o n .  A s  t h e  bellows 
f i l l s  and moves toward i t s  n u l l  p o s i t i o n ,  t h e  r e s t o r i n g  f o r c e  de- 
creases. By proper cho ice  of s c r e e n  weave (which determines APc), 

e f f e c t i v e  area of t h e  bel lows,  and bellows s p r i n g  rate, t h e  c a p i l -  
l a r y  bellows dev ice  can be designed s o  t h a t  i t s  r e f i l l  rate is 
g r e a t e r  than t h e  outflow rate,  and i t  w i l l  r e f i l l  dur ing an engine 
burn a f t e r  p r o p e l l a n t  s e t t l i n g  has  occurred. 

A test program t o  e v a l u a t e  t h e  f e a s i b i l i t y  of a c a p i l l a r y l b e l -  
lows system w a s  conducted as p a r t  of t h i s  program. The r e s u l t s  
confirmed t h a t  t h e  dev ice  could b e  designed and f a b r i c a t e d .  Fea- 
s i b i l i t y  of u s ing  t h e  dev ice  f o r  p r o p e l l a n t  a c q u i s i t i o n  w a s  a l s o  
e s t a b l i s h e d .  
d i x  

The experimental  e v a l u a t i o n  is  d i scussed  i n  t h e  Appen- 
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2. System Evaluation 

a. R e l i a b i l i t y  - Experience wi th  c a p i l l a r y / b e l l o w s  is  l i m i t e d  
t o  t h e  experimental  e v a l u a t i o n  conducted during t h i s  program. How- 
e v e r ,  meta l l ic  bellows have been widely used and are considered 
very r e l i a b l e .  The dev ice  i s  considered a c t i v e  i n  t h a t  t h e  b e l -  
lows does move; however, t h e r e  are no o t h e r  a c t i v e  components 
such as v a l v e s ,  l i n k a g e s ,  o r  o t h e r  mechanical dev ices .  The s c r e e n  
involved is  e n t i r e l y  p a s s i v e .  

Ca ta s t roph ic  f a i l u r e  of t h e  dev ice  would al low t h e  t rapped 
p r o p e l l a n t  t o  escape. This  type of f a i l u r e  could r e s u l t  from 
e i t h e r  a bellows l e a f  weld f a i l u r e  o r  a l a r g e  opening i n  t h e  s c r e e n  
material .  An enlargement of a s c r e e n  pore o r  a p inho le  l e a k  i n  a 
weld could cause an anomalous f a i l u r e  by al lowing gas i n g e s t i o n  
i n t o  t h e  device.  

b 

b. Mass - The mass estimates were based on t h e  devices  t e s t e d ,  
c u r r e n t  s t a t e -o f - the -a r t  bellows manufacture,  and f i n e  mesh s c r e e n  
weights .  Ca lcu la t ion  of t h e  m a s s  of t h e  dev ice  f o r  Mission A1 w a s  
based on 280 i n . 3  of t rapped p r o p e l l a n t  f o r  both f u e l  and o x i d i z e r  
tanks.  
on 226 i n e 3  of t rapped f u e l  and 211 i n . 3  of t rapped o x i d i z e r  u s i n g  
s t a i n l e s s  s tee l  material. For Mission B ,  t h e  volume of p r o p e l l a n t  
w a s  24 i n s 3  and a dev ice  cons t ruc t ed  of t i t an ium w a s  assumed. 
Table 111-20 p r e s e n t s  t h e  c a l c u l a t e d  system mass f o r  each mission. 

Both o x i d i z e r  and f u e l  devices  f o r  Mission A, w e r e  based 

Table 111-20 Capillary/Bellows System Mass 

Vaporized propellant 
less He mass 

c .  Design S c a l a b i l i t y  and P r o d u c i b i l i t y  - Sca l ing  of c a p i l -  
l a ry /be l lows  f o r  o t h e r  a p p l i c a t i o n s  should b e  accomplished wi thou t  
major r edes ign .  The only apparent  l i m i t a t i o n  i s  t h e  maximum diam- 
eter of m e t a l  bellows t h a t  can b e  f a b r i c a t e d ,  For a material  t h i ck -  
ness  of 0.008 i n , ,  a diameter of 27 i n ,  is t h e  c u r r e n t  s t a t e -o f -  
t he -a r t  maximum f o r  welded-leaf bel lows.  C a p a b i l i t y  of f a b r i c a t i o n  
of hydroformed bellows i s  s l i g h t l y  less. 
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For c a p i l l a r y / b e l l o w s  d e v i c e s g  t h e  welded-leaf type m e t a l -  
l i c  bellows is  t h e  b e t t e r  choice as t h e  design length-to-diameter 
r a t i o s  are lower. 
practice f o r  welded-leaf bellows. Hydroformed bellows des ign  f a -  
.vors an  L/D g r e a t e r  than two, which r e s u l t s  i n  a t a l l ,  s l ende r  de- 
vice r a t h e r  t han  t h e  s h o r t ,  l a r g e  diameter p r o f i l e  d e s i r e d .  

An LID of one i s  considered t o  be good des ign  

Welding c u r r e n t l y  l i m i t s  t h e  use  of t i t an ium and aluminum 
welded-leaf bel lows,  although they have been f a b r i c a t e d .  Addi- 
t i o n a l  development is  requ i r ed  w i t h  t h e s e  materials. However, 
n e i t h e r  t i t an ium nor aluminum bellows w i l l  have a f a t i g u e  l i f e  as 
high as s t a i n l e s s  steel  bellows because of t h e  d i f f e r e n c e s  i n  me- 
c h a n i c a l  p r o p e r t i e s .  Also,  t i t an ium does n o t  have t h e  d u c t i l i t y  
r equ i r ed  f o r  f a b r i c a t i o n  of hydroformed bel lows.  Welded-leaf be l -  
lows have been made of s t a i n l e s s  s t e e l  wi th  aluminum ends f o r  j o i n -  
i n g  t o  aluminum tanks.  The j o i n i n g  of t i t a n i u m  t o  s t a i n l e s s  steel  
is  a l s o  p o s s i b l e .  

Fine mesh s c r e e n  i n  s t a i n l e s s  steel  i s  commercially avail- 
a b l e  up t o  325x2300 mesh Dutch-twill  weave, i n  aluminum t o  200x 
1400 mesh Dutch-twil l  weave, and i n  t i t an ium up t o  180 mesh t w i l l e d  
weave a 

d. Compatibi l i ty  w i th  Adjacent Components and P r o p e l l a n t s  - 
For a l l  t h e  mis s ions ,  compatible materials are a v a i l a b l e  from 
which t o  f a b r i c a t e  s c reens  and bel lows.  S t a i n l e s s  s t ee l  would b e  
used f o r  Missions A1 and A 2 ,  and aluminum o r  t i t an ium would b e  
r equ i r ed  f o r  Mission B. However, u se  of an aluminum o r  t i t an ium 
bellows f o r  t h i s  a p p l i c a t i o n  i s  considered ques t ionab le  a t  t h i s  
t i m e .  

With a c a p i l l a r y / b e l l o w s  dev ice ,  t h e  p re s su ran t  c o n t a c t s  t h e  
p r o p e l l a n t  and gas  s o l u b i l i t y  must be considered.  The dev ice  can be 
employed wi th  t h e  t ank  geometries of i n t e r e s t  and can be designed 
f o r  most p r a c t i c a l  combinations of burn t i m e  and number of res tar ts .  

e. Performance T e s t a b i l i t y  - Capil lary/bel lows dev ices ,  l i k e  
metal l ic  bel lows,  are capable  of numerous c y c l e s  when w e l l  designed. 
Development and q u a l i f i c a t i o n  t e s t i n g  can be accomplished i n  depth 
wi thou t  exceeding t h e  c y c l e  l i f e .  The a c t u a l  devices  chosen f o r  a 
p a r t i c u l a r  mission could b e  thoroughly t e s t e d  p r i o r  t o  t h e  mission 
without  j eopa rd iz ing  t h e  i n f l i g h t  performance o r  o p e r a t i o n a l  l i f e  
of t h e  u n i t .  

While development experience wi th  c a p i l l a r y / b e l l o w s  devices  
i s  l i m i t e d ,  experience w i t h  i t s  componentsg metall ic bellows and 
sc reen ,  i s  cons ide rab le .  S t a i n l e s s  s teel  bellows and f i n e  mesh 
s c r e e n  are both r e a d i l y  a v a i l a b l e  and have undergone much develop- 
ment * 
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H. START TANKS 

A s tar t  tank is  a s m a l l  tank o r  r e s e r v o i r  t h a t  may b e  l o c a t e d  
i n t e r n a l  o r  e x t e r n a l  t o  t h e  main p r o p e l l a n t  tank,  and t h a t  pro- 
v i d e s  s u f f i c i e n t  p r o p e l l a n t  t o  s t a r t  t h e  main engine and sett le 
t h e  main tank p r o p e l l a n t s .  
t l e d  i n  t h e  main tank,  engine p r o p e l l a n t  requirements are supp l i ed  
d i r e c t l y  from t h e  main t anks ,  
s p e c i f i c  p r o p e l l a n t  a c q u i s i t i o n  dev ice ,  b u t  a method t h a t  may em- 
ploy v a r i o u s  a c q u i s i t i o n  techniques.  

A f t e r  t h e  p r o p e l l a n t s  have been set- 

The s t a r t  tank concept i s  n o t  a 

0 PRESSURANT 

Figure  111-25 schemat i ca l ly  
i l l u s t r a t e s  how a start  tank 
could b e  i n t e g r a t e d  i n t o  a main 
propuls ion system. A p r o p e l l a n t  
a c q u i s i t i o n  dev ice  i s  r equ i r ed  
w i t h i n  t h e  s t a r t  tank t o  ma in ta in  
l i q u i d  a t  i t s  o u t l e t .  I n  o rde r  
t o  s ta r t  t h e  engine,  t h e  valve 
a t  t h e  s ta r t  tank o u t l e t  i s  opened 
al lowing p r o p e l l a n t  t o  flow t o  
t h e  engine.  A f t e r  an engine burn 
t i m e  s u f f i c i e n t  t o  ensure propel- 
l a n t  s e t t l i n g  i n  t h e  main tank,  
t h e  v a l v e  a t  t h e  main tank o u t l e t  
is  opened, a l lowing t h e  engine 
p r o p e l l a n t  requirements t o  be sup- 
p l i e d  from t h e  main tank,  and t h e  
s tar t  tank o u t l e t  v a l v e  i s  c losed .  

The volume of t h e  p r o p e l l a n t  
s tar t  tank f o r  t h e  o p e r a t i o n a l  
c y c l e  j u s t  desc r ibed  would have 
t o  b e  l a r g e  enough t o  accommodate 
a l l  t h e  engine start  requirements 
a n t i c i p a t e d  i n  t h e  mission.  How- 
eve r ,  i f  r e f i l l i n g  o f ' t h e  s t a r t  
tank could b e  ensured during 

TO ENGINE 

Fl'gure 111-25 Propellant Start Tank Schematic 

t h r u s t  p e r i o d s ,  t h e  restart volume could be reduced. One p o s s i b l e  
method of r e f i l l i n g  could b e  accomplished by ven t ing  t h e  start  
tank u l l a g e  a f t e r  t h e  main tank p r o p e l l a n t s  had been s e t t l e d .  The 
u l l a g e  ven t ing  al lows t h e  a c q u i s i t i o n  dev ice  t o  r e t u r n  t o  i t s  o r i g -  
i n a l  p o s i t i o n  and would al low p r o p e l l a n t  from t h e  main tank t o  
flow i n t o  t h e  s ta r t  tank.  A disadvantage t o  t h i s  r e f i l l i n g  process  
is  added complexity t o  t h e  design and o p e r a t i o n  of t h e  p re s su r i za -  
t i o n  system. 
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Various p r o p e l l a n t  a c q u i s i t i o n  dev ices  could be used i n  t h e  
start  tank system. Sur face  t e n s i o n  dev ices  such as t h e  p r o p e l l a n t  
t r a p  and t h e  c a p i l l a r y / b e l l o w s  are e s s e - n t i a l l y  i n t e r n a l l y  mounted 
s ta r t  tanks and have been d i scussed  a t  some l e n g t h  i n  previous 
s e c t i o n s  of t h i s  chap te r .  These dev ices  could a l s o  b e  used i n  an 
e x t e r n a l  s tar t  tank;  however, t h e r e  would b e  no p a r t i c u l a r  advan- 
t a g e  t o  an  e x t e r n a l  app l i ca t ion .  s i n c e  i t  would b e  more complicated 
t o  o p e r a t e  and would be a h e a v i e r  i n s t a l l a t i o n .  

Bladders ,  diaphragms, and bel lows could a l s o  b e  used i n  ex te r -  
n a l  s tart  t anks .  App l i ca t ion  of t h e s e  dev ices  i n  s ta r t  tanks 
could provide f l e x i b i l i t y  and p o s s i b l y  weight r educ t ion  over u se  
of t h e s e  devices  i n  t h e  main p r o p e l l a n t  tank.  I n  t h e  s tar t  tank 
a p p l i c a t i o n ,  t h e s e  dev ices  would b e  r equ i r ed  t o  o r i e n t  only t h e  
s tar t  p r o p e l l a n t  and n o t  t h e  t o t a l  p r o p e l l a n t  volume, However, 
v a l v i n g  and o p e r a t i o n a l  complexity,  e s p e c i a l l y  i f  r e c y c l i n g  of t h e  
dev ice  i s  d e s i r e d ,  would reduce r e l i a b i l i t y .  

I n  a s imi l a r  manner, d i e l e c t r o p h o r e s i s  could b e  app l i ed  t o  t h e  
s tar t  tank system, 
b e  reduced when compared t o  t h e  requirements  f o r  a main tank sys- 
t e m .  However, t h e  r e s u l t i n g  weight s av ings  would b e  n u l l i f i e d  b y  
t h e  decreased r e l i a b i l i t y  a g a i n  developing from t h e  va lv ing  and 
sequencing requirements .  

The g r i d  s i z e  and v o l t a g e  requirements would 

Other start  t ank  arrangements are p o s s i b l e .  However, a l l  t h e  
arrangements would employ a p r o p e l l a n t  a c q u i s i t i o n  system similar 
t o  t h e  dev ices  considered f o r  t h e  main p r o p e l l a n t  tank.  The re fo re ,  
t h e  e v a l u a t i o n  a p p l i e d  t o  t h e  a c q u i s i t i o n  concepts i n  t h e  main pro- 
p e l l a n t  tank would e q u a l l y  apply t o  those  devices  used i n  t h e  s ta r t  
tanks.  For t h i s  r eason  and because of t h e  reduced r e l i a b i l i t y ,  
s t a r t  tanks were n o t  considered i n  e v a l u a t i n g  p r o p e l l a n t  a c q u i s i -  
t ion  concepts 



MCR-70-171 

IV. PRESSURIZATION. SYSTEN 

IV-1 

A l l  of the baseline propulsion systems for the three missions 
considered in this program employ a stored-gas pressurization sys- 
tem. A s  shown in Figures 11-3, 11-49 and 11-5, Mission A1 and A2 
use a regulated pressurant supply from a separate storage container 
or containers, while Mission B utilizes a blowdown system with both 
pressurant and propellant contained in a single tank. The candi- 
date pressurants for these systems were helium and nitrogen gas. 

The primary objectives of the pressurization system analyses 
were: (1) to determine the effects of pressurant type (helium or 
nitrogen), propellant temperature, propellant tank pressurant in- 
let temperature, pressurant storage temperature and initial stor- 
age pressure, and pressurant leakage and solubility on pressuri- 
zation system mass, and (2) to determine the effects of the same 
parameters on design and selection of the propellant acquisition 
system. An evaluation of the effect of number of propellant tanks 
on the pressurization system was also made. Results obtained from 
the analyses are presented in this chapter for each of the three 
reference missions. 

The impact of the parameters of interest on the pressurization 
subsystem mass was established by conducting a propellant tank 
thermodynamic analysis and a pressurant storage analysis followed 
by evaluations of pressurant leakage and solubility. The tank 
thermodynamic analysis evaluated pressurant usage for each mission 
as a function of type of pressurant (helium or nitrogen), propel- 
lant temperature, and pressurant inlet temperature for cases with 
and without complete vapor barrier separation of propellant and 
pressurant. 
mined as a function of these parameters, and the resultant pres- 
surant usage data were then used in conducting the pressurant 
storage analysis. 
stored and the mass of the pressurant storage tank as a function 
of type of pressurant, initial pressurant storage pressure, pres- 
surant storage temperature, and pressurant usage. After complet- 
ing the pressurant storage analysis, pressurant leakage and solu- 
bility were evaluated. 
determined as the sum of the pressurant mass stored (used and re- 
sidual), the storage container mass, mass of vaporized propellants, 
pressurant leakage mass, and dissolved pressurant mass, 

The quantity of propellants vaporized was also deter- 

This analysis evaluated the amount of pressurant 

The pressurization subsystem mass was 



IV-2 MCR-70-171 

Undue emphasis should not be placed on the absolute values 
obtained for pressurization subsystem mass because the pressuriza- 
tion studies were primarily conducted for comparative purposes 
only. Many of the ground rules and assumptions employed are not 
necessarily conservative and contingency factors were not included. 
When the thermal environment has been established and a detailed 
system design is available, more realistic values for the actual 
flight pressurization subsystem mass can be obtained by more strin- 
gent analytical techniques. However, the results obtained from 
this investigation do serve the intended purpose of providing the 
preferred pressurant type and storage and operating conditions for 
the three missions under consideration. 

The second objective of the pressurization studies was accom- 

Also of 
plished by determining the effects of pressurant type and pressurant 
inlet temperature on the candidate acquisition concepts. 
primary importance, the amount of propellant vaporized was consid- 
ered in the design and selection of the acquisition device. Other 
pressurization system considerations investigated were pressurant 
solubility, permeation of positive expulsion materials, and sur- 
face tension device temperature sensitivity. 

A. PRESSURIZATION SUBSYSTEM MASS 

The tank thermodynamic and pressurant storage analyses con- 
ducted for the three reference missions together with the basic 
assumptions and ground rules employed are discussed in this sec- 
tion. The results are presented for each mission. 

1. Mission AI 

The thermodynamic analysis for this missiong characterized by 
the space storable propellant combination of OF2 and BiHg9 was 
conducted using the Martin Marietta OD041 computer program, AnaZ- 
ysis of PropeZknt Tank Pressurization. The ground rules for the 
analysis were: (1) propellant tank operating pressure was 350 
psia; (2) initial ullage was 10 percent; (3) propellant tempera- 
ture range was 210 to 280"R with a nominal value of 250"R; ( 4 )  
temperature of the tank insulation outer surface was equal to the 
conditioned environmental temperature that varied linearly with 
time from 282"R in Earth orbit to 258"R in Mars orbit; and (5) 
pressurant inlet temperature range was 210 to 530"R, 
spherical configuration was employed using the Mission AI propel- 
lant load and outflow schedule presented in Table IV-1, 

The two-tank, 
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Table IV-1. 

Total loaded 
F i r s t  midcourse 
Second m i  dcourse 
O r b i t  inser t ion 
F i r s t  o r b i t  trim 
Second o r b i t  trim 
Third o rb i t  trim 

Propellant Outflow Schedule, Missions A1 and A2 

MISSION A1 
Burn  Time B2HG 

(set) 1 ('bm) 

2.5 
2.5 

395 .O 

5.4 
5 .O 

5.4 

270 .O 

1.62 
1.62 

256.5 
3.51 
3.24 
3.51 

I MISSION A,, 

810.0 
4.86 
4.86 

769.5 
10.53 
9.72 

10.53 

8.3 
8.3 

1317.0 
18.0 
16.6 
18.0 

562 .O 
3.35 
3.35 

534.0 
7.3 
6.7 
7.3 

N2°4 

(' bm) 
872.0 

5.2 
5.2 

828.5 
11.3 
10.5 
11.3 

Tank e x t e r n a l  h e a t  f l u x  w a s  c a l c u l a t e d  from thermal d a t a  pro- 
vided by JPL f o r  u s e  wi th  t h i s  i n v e s t i g a t i o n .  
l i s t e d  i n  Table IV-2, were no t  r e a d i l y  u s a b l e  f o r  t h i s  a n a l y s i s  
because of t h e  d i f f e r e n c e s  of i n i t i a l  c o n d i t i o n s ,  p r e s s u r a n t  type 
and p r e s s u r a n t  i n l e t  temperature.  Therefore ,  e f f e c t i v e  conduct- 
ances were c a l c u l a t e d  and are a l s o  shown i n  Table IV-2. The ef- 
f e c t i v e  conductances were c a l c u l a t e d  f o r  each tank and each o r b i t  
as 

The thermal d a t a ,  

where 

q / a  = h e a t  f l u x  i n t o  t h e  tank,  Btu/hr-f t2  

AT = temperature  d i f f e r e n c e  between l i q u i d  and i n s u l a -  
t i o n ,  O R  

Keff = e f f e c t i v e  conductance, Btu/hr-ft2-OR, 

Since t h e  e f f e c t i v e  thermal conductance w a s  e s s e n t i a l l y  t h e  same 
f o r  both tanks i n  e i t h e r  Ea r th  o r  Mars o r b i t  and w a s  about 0.001 
Btu/hr-ft2-'R, t h i s  v a l u e  w a s  used as K i n  c a l c u l a t i n g  tank 

h e a t i n g  rates f o r  t h e  e n t i r e  mission inc lud ing  t r a n s f e r  between 
p l a n e t s .  

e f  f 

Tank h e a t i n g  rates were obtained from: 

[ IV-11 

- T  
= Keff  * w a l l  (Tins l i q )  

[ IV-2 ] 



IV-4 MCR-70-171 

Table IV-2 Mission A l  Thermal Criteria 

Temperature, top of insu la t ion  (Tins) 

Temperature, l i q u i d  T l i q ) ,  O R  

Effective thermal conductivity ( k ) ,  Btu/hr-ft-"R 

Heat f lux  ( q / A )  Btu/hr-ft2 

Thermal conductance Keff , Btu/hr-ft2-"R 

O R  

( 

0 

EARTH ORBIT 

OF2 

282 

2 37 

0.39 10-4 

0.047 

1.001045 

B2H6 

282 

325 

0.54 10-4 

-0.05 

1.001045 

MARS 

OF2 

2 58 

247 

0.38 10 -4  

0.01 

0.00091 

IRBIT 

B2H6 

258 

298 

0.45 10-4  

-0.04 

0.001 

The thermodynamic a n a l y s i s  w a s  c h a r a c t e r i z e d  by t h e  fol lowing 
assumptions and c a l c u l a t i o n s :  

3) 

4 )  

5) 

6) 

7) 

P res su ran t  i n l e t  temperature  w a s  cons t an t ;  

During p r e s s u r i z a t i o n  and p r o p e l l a n t  outflow, t h e  
u l l a g e ,  l i q u i d ,  and tank w a l l  temperatures were calcu- 
l a t e d  s e p a r a t e l y ;  

Durirlg c o a s t ,  t h e  u l l a g e  l i q u i d ,  and tank w a l l  reached 
an equ i l ib r ium temperature  in s t an taneous ly ;  

Without a vapor b a r r i e r ,  both h e a t  and m a s s  t r a n s f e r r e d  
could occur a t  t h e  g a s l l i q u i d  i n t e r f a c e ;  

With a vapor b a r r i e r ,  only h e a t  t r a n s f e r  could occur 
a t  t h e  i n t e r f a c e ;  

Mass t r a n s f e r  a t  t h e  i n t e r f a c e  considered only propel-  
l a n t  vapors;  

The u l l a g e  gas w a s  considered t o  behave i d e a l l y .  

Condensation of gaseous n i t r o g e n  w i t h i n  t h e  p r o p e l l a n t  tank w a s  
n o t  considered i n  t h i s  a n a l y s i s  s i n c e  i t  would be s l i g h t  and could 
only occur  a t  t h e  minimum p r o p e l l a n t  temperature of 210°R, The 
worst  case f o r  n i t r o g e n  condensation would occur  i n  t h e  diborane 
tank s i n c e  the u l l a g e  vapors are almost e n t i r e l y  gaseous n i t r o g e n .  
A t  t h e  350-psia ope ra t ing  p r e s s u r e ,  t h e  s a t u r a t i o n  temperature of 
n i t r o g e n  i s  approximately 215"R and some condensation would occur 
on t h e  210"R tank walls and a t  t h e  21O"R l i q u i d  s u r f a c e .  Thus, 
t h e  n i t r o g e n  usage v a l u e s  a t  t h e  minimum p r o p e l l a n t  temperature 
would have been s l i g h t l y  h ighe r  i f  condensation had been consid- 
ered e 
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Helium and n i t r o g e n  usage f o r  bo th  p r o p e l l a n t  tanks  w a s  cal- 
cu la t ed  f o r  t h r e e  p r o p e l l a n t  temperatures  and fou r  p r e s s u r a n t  in -  
l e t  temperatures .  
h i s t o r i e s  were a l s o  obta ined ,  and t h e  e f f e c t  of a vapor b a r r i e r  
(no p r o p e l l a n t  v a p o r i z a t i o n  allowed) on p r o p e l l a n t  usage was de- 
termined a t  t h e  nominal p r o p e l l a n t  temperature .  The r e s u l t s  f o r  
Mission A1 are presented  i n  Tables  IV-3, I V - 4 ,  and Figures  I V - 1  
through IV-5. Tables  IV-3 and IV-4  show t h e  r e s u l t s  of t h e  para- 
metric a n a l y s i s  f o r  t h e  OF2 tank and t h e  B2Hg tank.  T o t a l  helium 
and n i t r o g e n  q u a n t i t i e s  r equ i r ed  as a f u n c t i o n  of bo th  p re s su ran t  
i n l e t  and p r o p e l l a n t  temperatures  f o r  cases  w i t h  and wi thout  a 
vapor b a r r i e r  are presented  i n  F igures  I V - 1  and IV-2, r e s p e c t i v e l y .  
Of the parameters  s t u d i e d ,  p re s su ran t  i n l e t  temperature  and type  
of p re s su ran t  produce t h e  g r e a t e s t  e f f e c t  on p res su ran t  usage. The 
m a s s  of n i t r o g e n  r equ i r ed  f o r  p r e s s u r i z a t i o n  i s  about s i x  t o  seven 
t i m e s  g r e a t e r  t han  t h a t  r equ i r ed  f o r  helium. This  is  e s s e n t i a l l y  
t h e  nitrogen-to-helium molecular weight r a t i o .  P re s su ran t  mass re- 
qui red  a t  t h e  h ighe r  i n l e t  temperature  ranges 20 t o  25 percent  
lower than  t h a t  a t  t h e  lower i n l e t  temperatures .  The e f f e c t s  of 
i n i t i a l  l i q u i d  temperature  and u s e  of a vapor  b a r r i e r  are n o t  as 
s i g n i f i c a n t  as t h e  o t h e r  two parameters .  

Tank p res su re  and u l l a g e  and l i q u i d  temperature  

The amount of OF2 vaporized w i t h  no vapor  b a r r i e r  i n  t h e  tank  
i s  shown i n  F igure  IV-3 as a func t ion  of p re s su ran t  i n l e t  tempera- 
t u r e ,  type  of p r e s s u r a n t ,  and i n i t i a l  l i q u i d  temperature .  The 
amount of B2Hg vapor ized ,  on t h e  o rde r  of 0 . 1  l b  is  n o t  shown 

s i n c e  i t  w a s  considered t o  b e  i n s i g n i f i c a n t .  A t  t h e  lower pres -  
s u r a n t  i n l e t  temperatures ,  t h e  amount: of OF2 vapor ized  i s  about  
t h e  s a m e  f o r  helium and n i t rogen .  A s  t h e  p re s su ran t  i n l e t  tempera- 
t u r e  i n c r e a s e s ,  t h e  amount of vaporized p r o p e l l a n t  i n c r e a s e s  and 
i s  h ighe r  f o r  n i t r o g e n  than f o r  helium. The q u a n t i t y  vapor ized  
i n c r e a s e s  approximately 35 percent  f o r  n i t r o g e n  p res su ran t  and 
about 25 percent  f o r  helium as t h e  p r e s s u r a n t  i n l e t  temperature  
i n c r e a s e s  from 210 t o  530"R. 

m y  

Calcu la ted  tank  p res su re  and l i q u i d  temperature  h i s t o r i e s  f o r  
bo th  p r o p e l l a n t  tanks  are shown i n  Figures  I V - 4  and IV-5. The 
environmental  temperature  used t o  c a l c u l a t e  tank  h e a t  f l u x  i s  a l s o  
presented .  Helium p res su ran t  a t  250"R w a s  used i n  t h e s e  ca l cu la -  
t i o n s ,  The p r e s s u r e  h i s t o r i e s  are similar f o r  bo th  tanks.. P r i o r  
t o  t h e  f i r s t  p ropuls ion  even t ,  t h e  tanks  were p res su r i zed  from 100 
p s i a  t o  t h e  ope ra t ing  p res su re  of 350 p s i a .  Following t h e  f i r s t  
engine burn,  t h e  p r e s s u r e  dropped immediately i n  both  tanks because 
of t h e  assumption t h a t  equ i l ib r ium is reached in s t an taneous ly .  
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Tab1 e IV-3 Resu l ts  o f  Thermodynamic Ana lys i s  for 
Miss ion  Al, OF2 P r o p e l l a n t  Tank 

PRESSURANT VAPORIZED 
LIQUID INLET VAPOR PRESSURANT PROPELLANT 

TEMPERATURE PRESSURANT TEMPERATWE SARRIER USAGE MASS 
(OR) (OR) (1 bm) (1 bm) 

2 10 He' 

2 

280 

um 210 
300 
400 
530 
2 10 
300 
400 
530 
2 10 
300 
400 
530 
2 10 
300 
400 
5 30 

NO 5.54 
4.81 
4.36 
4.15 
5.10 
4.38 
4.11. 
3.89 
5.38 
4.77 
4.53 
4.20 
4.78 
4.18 
3.98 
3.73 

6.97 
7.49 
8-09 
8.87 
7.82 
8.38 
9.11 

10.16 
0 

8.57 
9.23 

10.06 
11.09 

2 l o  

280 

Ni t rogen  2 10 
300 
400 
530 
2 10 
300 
400 
530 
2 10 
300 
400 
530 
2 10 
300 
400 
530 

NO 38.95 
33.43 
30.03 
27,95 
35.97 
30.40 
28.51 
26.44 
37 * 94 
53.42 
31,86 
29.67 
33.79 
29.02 
27 37 
25.16 

6.71 
7.56 
8.47 
9.71. 
7.63 
8.49 
9.59 

a0 s 90 
0 

8.43 
9.36 

10.51 
a1 D 99 
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Table IV-4 Results o f  Thermodynamic Analysis fo r  
Mission A I ,  B2H6 Propellant T a n k  

PRESS URANT VAPORIZED 
LIQUID INLET VAPO R P RES S U RANT PROP E LLANT 

TEMPERATURE PRESSURANT TEMPERATURE BARRIER USAGE MASS 
( O R )  ( O R )  (1 bm) (1  bm) 

250 

J. 
280 

He1 i urn 210 
300 
400 
530 
2 10 
300 
400 
530 
210 
300 
400 
530 
2 10 
300 
400 
530 

No 5.61 
4.94 
4.70 
4.37 
5.31 
4.88 
4.61 
4.25 

Yes 5.49 
4.89 1 4.64 
4.31 
5.10 
4.83 
4.57 
4.23 

0.10 
0.  11 
0.10 
0.11 
0.10 
0.10 
0.  10 
0.11 

0 

0.10 
0.10 
0.11 
0.12 

280 

1 

rogen 2 10 
300 
400 
530 
2 10 
300 
400 
530 
2 10 
300 
400 
530 
2 a0 
300 
400 
500 

No 39.61 
34.53 
32 e 97 
30.68 
37.72 1 34.18 
32.51 1 30.17 

Yes 38.77 
34.29 
32 66 
3Q 40 
36.33 
33.94 
32.15 
29 * 77 

0.10 
0.10 
0.12 
0.13 
0.10 
0.11 
0.12 
0.13 
0 

0.10 
0,11 
0,12 
0.14 
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Pressurant Inlet Temperature ( O R )  

Figure IV-3 Mission A 1  Vaporized Oxygen Difluoride 
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The p r e s s u r e  drop w a s  55 p s i  and 68 p s i  f o r  t h e  OF2 and B2Hb t anks ,  
r e s p e c t i v e l y .  A f t e r  t h i s  drop,  t h e  tank  p r e s s u r e s  g radua l ly  rise 
due t o  environmental  h e a t i n g  dur ing  t h e  long coas t  per iod ,  P r i o r  
t o  t h e  second propuls ion  event ,  t h e  tanks  were aga in  p re s su r i zed  
t o  ope ra t ing  p res su re .  The t h i r d  propuls ion  event  ( o r b i t  inser- 
t i o n )  used 95 pe rcen t  of t h e  _,&ded p r o p e l l a n t s .  A f t e r  t h i s  even t ,  
only 3.7 pe rcen t  of t h e  loaded p r o p e l l a n t s  remained i n  t h e  tanks .  
P r i o r  t o  o r b i t  i n s e r t i o n ,  bo th  l i q u i d  temperatures  showed a grad- 
u a l  i n c r e a s e  from t h e  i n i t i a l  va lue  of 250"R. 
i nc reased  8 degrees  ~ whi le  t h e  B2H6 temperature  inc reased  10 degrees  
dur ing  t h i s  t i m e  pe r iod .  

The OF2 temperature  

Following t h e  o r b i t  i n s e r t i o n  burn,  t h e  p r o p e l l a n t  temperatures  
decreased i n  both  tanks  due t o  the occurrence of v a p o r i z a t i o n  which 
r e e s t a b l i s h e d  v a p o r / l i q u i d  equi l ibru im.  
wi th  p r e s s u r a n t  in f low and p r o p e l l a n t  outf low,  t h e  u l l a g e  i s  en- 
r i ched  wi th  p r e s s u r a n t  and h e a t  i s  t r a n s f e r r e d  t o  t h e  p rope l l an t .  
This produces a p r o p e l l a n t  vapor p re s su re  g r e a t e r  than the  p a r t i a l  
p re s su re  of p r o p e l l a n t  vapors  i n  t h e  u l l age .  Upon c e s s a t i o n  of 
p r e s s u r i z a t i o n  (end of t h e  burn p e r i o d ) ,  vapor i za t ion  occurs  u n t i l  
vapor p r e s s u r e / p a r t i a l  p re s su re  e q u a l i t y  is  a t t a i n e d ,  The B2Hg 
temperature  decreased only 2 degrees  whi le  t h e  OF2 temperature  de- 
c reased  approximately ll degrees  because of t h e  g r e a t e r  vaporiza-  
t i o n  of OF2. Following t h e s e  decreases  , both l i q u i d  temperatures  
inc reased  t o  and fol lowed s l i g h t l y  below t h e  environmental  tempera-  
t u r e ,  The tank p res su res  inc reased  fo l lowing  both t h e  t h i r d  and 
f o u r t h  propuls ion  events. The OF2 tank p r e s s u r e  inc reased  2 4  p s i  
fo l lowing  t h e  f o u r t h  event .  This  i n c r e a s e  corresponds t o  t h e  in -  
crease i n  t h e  equ i l ib r ium (o r  l i q u i d )  temperature .  The B2Hg tank 
p r e s s u r e  fol lowed a similar p r o f i l e ,  bu t  t h e  p re s su re  rise w a s  only 
8 p s i .  Following the f o u r t h  propuls ion  event, tank  Dressures  d i d  
n o t  drop below t h e  ope ra t ing  p res su re  and no p res su ran t  w a s  re- 
qu i r ed  f o r  t h e  remainder of the  mission. These p re s su re  and 
temperature p r o f i l e s  are r e p r e s e n t a t i v e  of most of t h e  o t h e r  
nominal p r o p e l l a n t  temperature cases analyzed e 

During the burn pe r iod  

Using informat ion  generated i n  t h e  p r o p e l l a n t  tank  thermody- ___ ~ _ _ - _ _ - - - -  - -~ 
namic a n a l y s i s ,  t h e  p r e s s i r a n t  s t o r a g e  a n a l y s i s  for: Mission A1 w a s  
conducted. 
l ium and n i t r o g e n  from a s p h e r i c a l  con ta ine r  were employed. The 
helium gas expansion program i s  desc r ibed  i n  d e t a i l  i n  Reference 
I V - 1 .  The n i t r o g e n  program w a s  developed by modifying t h e  helium 
program; t h i s  involved changing t h e  equat ion  of s t a t e ,  en tha lpy ,  
and s p e c i f i c  h e a t  c a l c u l a t i o n s  from helium t o  n i t r o g e n  us ing  d a t a  
from Reference I V - 2 ,  

Two computer programs s imula t ing  t h e  expansion of he- 
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Criter ia  and ground r u l e s  employed f o r  t h e  p r e s s u r a n t  s t o r a g e  
a n a l y s i s  were: (1) Storage p r e s s u r e  range of 2000 t o  4000 p s i a ;  (2) 
Minimum al lowable s t o r a g e  p r e s s u r e  of 400 p s i a ;  ( 3 )  Storage tempera- 
t u r e  range of 210 t o  530"R f o r  helium and 400 t o  530"R f o r  n i t r o g e n ;  
( 4 )  a 6AR-4V t i t an ium p r e s s u r a n t  s t o r a g e  tank wi th  a s a f e t y  f a c t o r  
of 2 . 2  based upon an u l t i m a t e  s t r e n g t h  of 165,000 p s i ;  (5) A fac-  
t o r  of 1.1 t o  account f o r  bosses ,  welds ,  etc.  i n  c a l c u l a t i n g  tank 
m a s s  

The range of n i t r o g e n  s t o r a g e  temperatures  considered w a s  smaller 
than t h a t  f o r  helium t o  circumvent n i t r o g e n  phase change during 
t h e  expansion p rocess ,  For example, i f  n i t r o g e n  gas wcre expanded 
through t h e  p r e s s u r e  r e g u l a t o r  from 3000 p s i a  and 250"R t o  350 p s i a  
by an i s e n t h a l p i c  p rocess ,  t h e  temperature  would drop below t h e  
critical temperature  (227"R) and two-phase f l u i d  would r e s u l t  e 

The c r i t i c a l  p r e s s u r e  f o r  n i t r o g e n  i s  493 p s i a .  The temperature 
a t  which n i t r o g e n  can b e  s t o r e d  t o  ensu re  t h a t  a phase change w i l l  
not  occur i s  dependent upon t h e  s t o r a g e  p res su re .  A t  a s t o r a g e  
p res su re  of 2000 p s i a ,  t h e  n i t r o g e n  could b e  s t o r e d  a t  approximately 
310"R and, a t  3000 p s i a ,  t h e  s t o r a g e  temperature  could b e  approxi- 
mately 322"R without  i n c u r r i n g  a phase change during expansion t o  
350 p s i a .  For t h i s  a n a l y s i s ,  n i t r o g e n  s t o r a g e  temperatures of 400 
and 530"R were s e l e c t e d  s i n c e  p r e s s u r a n t  usage d a t a  w e r e  obtained 
i n  the  thermodynamic a n a l y s i s  a t  correspondicg va lues  of p r e s s u r a n t  
i n l e t  temperatures .  

i 

The primary o b j e c t i v e  of t h e  p r e s s u r a n t  s t o r a g e  a n a l y s i s  w a s  
t o  determine the  s t o r a g e  t a n k s i z e  and amount of p r e s s u r a n t  t h a t  
must b e  s t o r e d  i n  o rde r  t o  o b t a i n  a minimum p r e s s u r e  of 400 p s i a  
f o r  t h e  s e l e c t e d  s t o r a g e  cond i t ions  and duty c y c l e .  The p o i n t  dur- 
i ng  t h e  mission a t  which t h e  minimum p r e s s u r e  occurred w a s  a func- 
t i o n  of t h e  p r e s s u r a n t  outf low rates. The average p r e s s u r a n t  out-  
flow rate f o r  each event  w a s  ob ta ined  by summing t h e  p r e s s u r a n t  
usage d a t a  from both tanks and d i v i d i n g  by t h e  d u r a t i o n  t i m e  of 
each event .  In a l l  cases, t h e  minimum p r e s s u r e  occurred a t  t h e  
end of e i t h e r  o r b i t  i n s e r t i o n  o r  t h e  f i n a l  p ropu l s ion  event  ( t h i r d  
o r b i t  t r i m ) .  For t h e  c o o l e r  p r e s s u r a n t  i n l e t  and s t o r a g e  tempera- 
t u r e s ,  t h e  minimum p r e s s u r e  occurred du r ing  o r b i t  i n s e r t i o n ;  f o r  
t h e  w a r m  teinperatures t h e  minimum p r e s s u r e  occurred during t h e  
f i a a l  event  a 

An i t e r a t i v e  procedure w a s  used t o  c a l c u l a t e  t h e  tank s i z e  and 
amount, of p r e s s u r a n t  s t o r e d  t h a t  would provide t h i s  minimum pres-  
s u r e  du r ing  t h e  expansion duty cyc le .  This  i t e r a t i o n  procedure 
is p a r t  of t h e  computer program employed. An assumed m a s s  of 
s t o r e d  p r e s s u r a n t  w a s  i n p u t  t o  t h e  program along w i t h  t h e  s t o r a g e  
temperature ,  i n i t i a l  p r e s s u r e  and p r e s s u r a n t  outf low rate .  I n  t h e  
programg t h e  gas w a s  expanded according t o  t h e  s p e c i f i e d  duty cy- 
c l e  and a minimum p r e s s u r e  w a s  ob ta ined .  This  minimum p r e s s u r e  



MCR-70-171 I V - 1 5  

w a s  t hen  compared wi th  t h e  d e s i r e d  minimum p r e s s u r e  of 400 p s i a .  
I f  t h e  d i f f e r e n c e  w a s  more than k1 p s i ,  a new p r e s s u r a n t  s t o r e d  
m a s s  w a s  c a l c u l a t e d  and t h e  expansion p rocess  repeated f o r  t h e  
s a m e  s t o r a g e  cond i t ions  and duty cyc le  u n t i l  t h e  minimum p r e s s u r e  
c a l c u l a t e d  w a s  400 k 1 p s i a .  

The p r e s s u r a n t  s t o r a g e  a n a l y s i s  w a s  c h a r a c t e r i z e d  by t h e  f o l -  
lowing assumptions: 

1) Tanks w e r e  i so the rma l ;  

2)  P r e s s u r a n t  m a s s  outf low ra te  w a s  cons t an t  during each 

3 )  Free convection h e a t  t r a n s f e r  between t h e  gas and 

p r e s s u r i z a t i o n  event ;  

i so the rma l  w a l l s  w a s  considered du r ing  each p r e s s u r i z a -  
t i o n  even t ;  

cond i t ion  wi th  t h e  w a l l .  
4 )  During c o a s t  pe r iods  t h e  gas reached an equ i l ib r ium 

Real gas thermodynamic and p h y s i c a l  p r o p e r t i e s  were used. The 
equat ions of s t a t e  and enthalpy r e l a t i o n s h i p s  f o r  n i t r o g e n  and- 
helium presented i n  References LV-2 and LV-3, r e s p e c t i v e l y ,  were 
inco rpora t ed  i n t o  t h e  computer programs and used t o  c a l c u l a t e  
s p e c i f i c  h e a t s .  The va lues  c a l c u l a t e d  from t h e s e  equa t ions  are 
i n  good agreement wi th  a c t u a l  d a t a  €o r  t h e  temperature  and pres-  
s u r e  ranges considered. 

Resu l t s  of t h e  p r e s s u r a n t  s t o r a g e  a n a l y s i s  are p resen ted  i n  
Table IV-5 i n  t e r m s  of m a s s  of p r e s s u r a n t  s t o r e d  and s t o r a g e  tank 
m a s s .  For bo th  p r e s s u r a n t s ,  t h e  m a s s  of s t o r e d  p r e s s u r a n t  de- 
c r e a s e s  as t h e  s t o r a g e  temperature  i n c r e a s e s .  However, a t  530"R 
s t o r a g e  temperature,  t h e  mass of n i t r o g e n  s t o r e d  i s  approximately 
seven t i m e s  g r e a t e r  than t h a t  f o r  helium. The i n i t i a l  s t o r a g e  
p r e s s u r e  has  t h e  same e f f e c t  upon s t o r a g e  m a s s  as s t o r a g e  tempera- 
t u r e  except  t o  a smaller degree.  A s  t h e  i n i t i a l  s t o r a g e  p r e s s u r e  
i n c r e a s e s  from 2000 t o  4000 p s i a ,  t h e  m a s s  of p r e s s u r a n t  s t o r e d  
decreases  approximately 1 t o  2 pounds f o r  helium and 7 t o  8 pounds 
f o r  n i t r o g e n ,  depending upon t h e  s t o r a g e  temperature .  Changes i n  
s t o r a g e  temperature have t h e  o p p o s i t e  e f f e c t  on s t o r a g e  t ank  m a s s .  
The m a s s  of t h e  s t o r a g e  t ank  i n c r e a s e s  as t h e  s t o r a g e  temperature 
i n c r e a s e s .  This  e f f e c t  i s  d i r e c t l y  a t t r i b u t e d  t o  t h e  i n c r e a s e  i n  
s t o r a g e  volume which i n c r e a s e s  w i t h  temperature  f o r  both helium 
and n i t r o g e n .  This  i n c r e a s e  i n  tank m a s s  i s  about 30 pe rcen t  f o r  
both gases .  It should b e  noted t h a t  t h e  s t o r a g e  tank mass f o r  t h e  
helium cases  i s  s l i g h t l y  h i g h e r  t han  t h a t  f o r  n i t r o g e n .  



IV-16 

?-. 
Q 

S 
0 

v) 
v) 

E 
L 
0 
IC 

v) 

v) 

*r 

.r- 

*r 

>; 
ru 
S 
Q 

a, cn ru 
L 
0 
c, 
cn 
c, 
S 
ru 
L 
3 
v) 
v) 
a, 
L 

rc 
0 

Ln 
c, 

3 
Ln 
a, e 

- 

a 

7 

m 
I 
> 
H 

a, 

a 
ru 
l- 

7 

t- 

5 w T  
z3an c n 5 -  cn cn- 
wz3 e 
n 

c 

n 

w 

l- 

I I 

LD w 
N N 

0 0 
4 d 

I I 
I I 

o o o o o l o o o o o ~  ooooc3, 
0 0 0 0 0 ' 0 0 0 0 0 ~  0 0 0 0 0  o m o m o ~ o m o m o  o m o m o  
N N M M d l N N M M e l  N N M M *  

I I 
I I 

0 0 
d d 
N N 

5 5 

I 

I 

I 

00000100000 
0 0 0 0 0 0 0 0 0 0  
0 L n O L n O I  o m o m o  
N N 0 M b l  N N m M e  

S 
a, 

cn 
w 
CY 
Q 

r -  

ar 
I 

a, 
I 



MCR- 7 0-1 7 1 IV-17 

This again is attributed to the difference in volume. The changes 
in storage pressure produced an interesting effect on the storage 
tank mass. In four of the five cases studied, the tank mass de- 
creased to a minimum and then increased again as the storage pres- 
sure increased from 2000 to 4000 psia. This minimum tank mass 
occurred at approximately 3500 psia for helium and at 2500 to 3000 
psia for nitrogen, depending upon the storage temperature. For a 
storage temperature of 530"R, the minimum helium tank mass occurred 
at 4000 psia storage pressure which was the maximum pressure con- 
sidered * 

The results of the overall pressurization analysis are pre- 
sented in Table IV-5 and Figure IV-6. Pressurization subsystem 
mass is shown as a function of type of pressurant, storage temper- 
ature, and initial storage pressure in Figure IV-6, The data pre- 
sented are for the nominal propellant temperature only and for 
pressurant inlet temperatures that correspond to the storage tem- 
peratures. In this case, the pressurization subsystem mass is the 
sum of the mass of vaporized propellant, pressurant stored, and 
pressurant storage tank; dissolved pressurant and leakage are not 
included. Figure IV-6 clearly shows a significant reduction of 
about 30 to 40 percent in pressurization subsystem mass if helium 
is used as a pressurant instead of nitrogen. This figure also 
shows that there is approximately a 25% reduction in the subsystem 
mass when helium is stored at 300"R instead of 530"R. However, a 
further reduction in storage temperature to 210"R does not produce 
a significant reduction in subsystem mass. 
point for subsystem mass was obtained only at storage temperatures 
of 2lO"R for helium and 400"R for nitrogen. At the 300 and 530"R 
storage temperatures for helium and 530"R storage temperature for 
nitrogen, the pressurization subsystem mass only decreases slightly 
between 3000 and 4000 psia. 

A definite minimum 

2. Mission A2 

The parametric analyses for this mission were conducted in 
conjunction with those for Mission A I .  Mission-A2 is character- 
ized by the earth storable propellant combination of N2O4 and MMH. 
The thermodynamic analysis for Mission A2 was also conducted using 
the OD041 computer program. The ground rules followed for this 
analysis were: 

1) The tank wall was considered isothermal; 

2) 

3) Pressurant inlet temperature was the same as liquid 

4 )  Propellant tank operating pressure was 350 psia; 

5) Initial ullage was 10 percent. 

Propellant temperature range was 515 to 535"R with a 
nominal value of 525"R; 

temperature; 
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b 

The two-tank, s p h e r i c a l  c o n f i g u r a t i o n  w a s  employed wi th  t h e  Mission 
A2 p r o p e l l a n t  load and outflow schedule  p re sen ted  i n  Table I V - 1 .  
Helium and n i t r o g e n  usage f o r  bo th  p r o p e l l a n t  tanks w a s  c a l c u l a t e d  
a t  t h e  nominal p r o p e l l a n t  temperature wi th  and without  a vapor 
b a r r i e r ,  f o r  p r e s s u r a n t  i n l e t  temperatures  equa l  t o  t h e  p r o p e l l a n t  
temperature ,  P r e s s u r a n t  usage va lues  were also c a l c u l a t e d  f o r  t h e  
case  where t h e  p r o p e l l a n t s ,  tank w a l l s ,  and p r e s s u r a n t  i n l e t  t e m -  
p e r a t u r e s  decreased l i n e a r l y  from 535"R a t  t h e  s tar t  t o  5 1 5 " R  a t  
t h e  end of t h e  mission.  The parametr ic  a n a l y s i s  a l s o  c a l c u l a t e d  
t h e  amount of p r o p e l l a n t  vaporized during t h e  mission. Because 
of t h e  low vapor p r e s s u r e  of MMH a t  t h e  nominal p r o p e l l a n t  temper- 
a t u r e ,  t h e  a n a l y s i s  assumed t h i s  p r o p e l l a n t  t o  be n o n v o l a t i l e  and 
only t h e  amount of N204 vaporized w a s  c a l c u l a t e d .  
a l s o  used t h e  s a m e  assumptions t h a t  w e r e  used i n  t h e  Mission A1  
a n a l y s i s  

This  a n a l y s i s  

The r e s u l t s  of thermodynamic a n a l y s i s  f o r  Mission A2 are pre- 
s en ted  i n  Table I V - 6 ;  they a r e  c o n s i s t e n t  w i t h  t h e  r e s u l t s  ob- 
t a i n e d  i n  t h e  Mission A 1  analysis .  
i n v e s t i g a t e d  w a s  aga in  approximately seven t i m e s  g r e a t e r  t han  t h e  
helium usage. These c a l c u l a t e d  usage va lues  do no t  vary s i g n i f i -  
c a n t l y  f o r  t h e  s m a l l  range of p r o p e l l a n t  and p r e s s u r a n t  i n l e t  t e m -  
p e r a t u r e s  i n v e s t i g a t e d ,  Also ,  u s e  of a vapor b a r r i e r  has  l i t t l e  
e f f e c t  on p r e s s u r a n t  usage. 
w i th  a vapor b a r r i e r ,  s i n c e  a d d i t i o n a l  p r e s s u r a n t m a s s - i s  r e q u i r e d  
t o  compensate f o r  t h e  absence of p r o p e l l a n t  vapor i n  t h e  u l l a g e  
above t h e  b a r r i e r .  
N2O4 ranged from 1 .5  t o  2 pounds f o r  a l l  t h e  cases considered.  

Nitrogen usage f o r  a11 cases 

S l i g h t l y  more p r e s s u r a n t  is  r e q u i r e d  
----- 

With no vapor b a r r i e r ,  t h e  mass of vaporized 
- -__ 

Table IV-6 Results o f  Thermodynamic Analysis for  Mission A2 



LV-20 

The p r e s s u r a n t  s t o r a g e  a n a l y s i s  f o r  Mission A2 w a s  conducted 
using t h e  s a m e  method of a n a l y s i s  as w a s  used on Mission A,.  
included u s i n g  t h e  same two gas expansion computer programs t o  
e v a l u a t e  p r e s s u r a n t  s t o r e d  mass and tank m a s s .  The Mission A1 
a n a l y s i s  ground r u l e s  w e r e  used except t h a t  (1) p r e s s u r a n t  s t o r a g e  
temperature range w a s  500 t o  580"R, and (2) p r e s s u r a n t  usage f o r  
a l l  cases corresponded t o  t h e  nominal p r o p e l l a n t  l i q u i d  and nom- 
i n a l  p r e s s u r a n t '  i n l e t  temperature  case.  The average p r e s s u r a n t  
outflow rates w e r e  c a l c u l a t e d  i n  t h e  same manner as i n  t h e  previous 
a n a l y s i s ,  i . e . ,  t h e  p r e s s u r a n t  usage p e r  event  d iv ided  by event  
du ra t ion  e 

This  

Resu l t s  of t h e  p r e s s u r a n t  s t o r a g e  analys%is are presented i n  
Table LV-7.  These r e s u l t s  show t h a t  t h e  p r e s s u r a n t  s t o r e d  mass 
is  a f f e c t e d  more by t h e  type  of p r e s s u r a n t  t han  by any o t h e r  param- 
eter.  The n i t r o g e n  m a s s  s t o r e d  i s  a g a i n  seven t i m e s  g r e a t e r  t han  
t h e  m a s s  of helium s t o r e d ,  which i s  c o n s i s t e n t  w i th  previous re- 
s u l t s  and approximates t h e  r a t i o  of t h e  molecular weights of t h e  
two p r e s s u r a n t s .  The change i n  p r e s s u r a n t  s t o r e d  mass i s  almost 
n e g l i g i b l e  w i t h  changes i n  s t o r a g e  temperature f o r  e i t h e r  helium 
o r  n i t r o g e n .  The p r e s s u r a n t  mass does dec rease  approximately 10 
t o  13 pe rcen t  w i th  an i n c r e a s e  i n  s t o r a g e  p r e s s u r e  from 2000 t o  
4000 p s i a  f o r  both helium and n i t r o g e n .  The helium s t o r a g e  tank 
m a s s  i S  s l i g h t l y  g r e a t e r  t han  t h e  n i t r o g e n  tank mass due t o  t h e  
s t o r a g e  t ank  volumes. The r e s u l t s  show t h a t  t h e  tank mass i s  only 
s l i g h t l y  a f f e c t e d  by changes i n  s t o r a g e  p r e s s u r e  f o r  both helium 
and n i t r o g e n .  
i nc ra sed  t h e  tank m a s s  by about 15 and 20 pe rcen t  f o r  helium and 
n i t rogen ,  r e s p e c t i v e l y .  The tank p r e s s u r e  and p r o p e l l a n t  tempera-  
t u r e  h i s t o r i e s  f o r  t h i s  mission are no t  presented because they are 
e s s e n t i a l l y  s t r a i g h t  l i n e s .  These p r o f i l e s  r e s u l t  from t h e  i s o -  
thermal t ank  w a l l  assumption and t h e  f a c t  t h a t  p r e s s u r a n t  i n l e t  
temperature w a s  equa l  t o  t h e  p r o p e l l a n t  temperature.  

Changes i n  s t o r a g e  temperature from 500"R t o  580°R 

The p r e s s u r i z a t i o n  subsystem m a s s  d a t a  f o r  t h e  Mission A2 cases 
s t u d i e d  are p resen ted  i n  b o t h  Table ZV-7 and F igu re  I V - 7 ;  aga in ,  
d i s so lved  p r e s s u r a n t  and leakage are n o t  included.  A s  wi th  Mission 
A l o  t h e  helium system i s  much l i g h t e r  t han  t h e  n i t r o g e n  system. 
A t  t h e  nominal p r o p e l l a n t  temperature ,  a 34 pe rcen t  r educ t ion  i n  
p r e s s u r i z a t i o n  subsystem m a s s  can b e  obtained by us ing  helium in -  
s t e a d  of n i t r o g e n .  An optimum s t o r a g e  p r e s s u r e  w a s  n o t  obtained 
f o r  t h e  helium cases i n v e s t i g a t e d .  The d a t a  show t h a t  t h e  pres-  
s u r i z a t i o n  subsystem m a s s  approaches a cons t an t  v a l u e  between 
3500 and 4000 p s i a .  
an optimum s t o r a g e  p r e s s u r e  f o r  subsystem mass a t  3500 p s i a .  

The n i t r o g e n  cases d id  appear t o  e s t a b l i s h  
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Ts = 580- 
L 

TS = 525 

T _  = 500- 

He1 i urn Pressurant 
Nitrogen Pressurant 
Pressurant Storage Temper- 
a ture  ( O R )  

Ts = 50( 

"Dissolved pressurant and 
leakage not included. 

2000 2500 3000 3500 4 

Figure IV-7 Mission A, Pressurization Subsystem Mass 
I n i t i a l  Pressurant Storage Pressure (ps ia )  
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3 .  Mission B 

The parametric analysis conducted for this mission was com- 
pletely different from those for Missions A1 and A 2 .  
ence is attributed to the Mission B characteristics, iQee9 (1) 
single tank monopropellant system, (2) a blowdown mode for expel- 
ling propellant, and (3) duration time is 3272 days. The second 
characteristic eliminates the need for evaluating pressurant inlet 
temperature effects. The parametric analysis, instead, evaluated 
the effects of pressurant type and liquid temperature on pressur- 
ant mass and final tank pressure. Ground rules used f o r  this anal- 
ysis were : 

This differ- 

1) Initial tank pressure was 350 psia; 

2) Initial ullage was 50 percent; 
3) Liquid temperature range was 475 to 575"R with a nom- 

inal value of 500'R; 

4 )  The propellant load and outflow schedule, presented 
in Table IV-8, were derived from the contract state- 
ment of work data. 

Table IV-8 Propellant Outflow Schedule, Mission B 

Total Load 

Postlaunch 

Pre-Jupi t e r  

Post-Jupi t e r  

Pre-Saturn 

Pos t-Sa turn 

P re- Uranus 

Pre-Uranus 

Post-Uranus 

Pre-Neptune 

VELOCITY 
INCREMENT 

(mps*) 

320 

30.3 

6.7 

16.8 

11.8 

107.8 

35.4 

13.5 

69.1 

28.6 

138. 

31. 

75 * 

54 

468. 

150 

57. 

285 

115. 

'ROPELLANT 
MASS 

135.0 

13.5 

3.0 

7.4 

5.3 

46.1 

14.7 

5.6 

28.0 

11.4 

* 
Meters per second, 
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This analysis was also conducted using the OD041 computer program, 
The assumptions used were the same as those for Mission A 2 9  %.e., 
isothermal tank walls, instantaneous equilibrium condition in 
coast, etc. The propellant was also assumed to be nonvolatile be- 
cause of its low vapor pressure over the temperature range consid- 
ered (at 575"R ,  vapor pressure = about 1 psia). 
thermodynamic properties of the 7 5 / 2 5  nitrated hydrazine used in 
this analysis were obtained from Reference IV-4. 

The physical and 

Results of the thermodynamic analysis for Mission B are pre- 
sented in Table IV-9 .  Pressurant mass values were calculated us- 
ing the ideal gas law at the initial gas conditions. The initial 
pressure ( 3 5 0  psia) and volume (50% ullage) were fixed; the pres- 
surant was either helium or nitrogen. The initial gas temperature, 
which was equal to the liquid temperature, was varied from 475 to 
575"R.  Because of the direct calculation of pressurant mass, the 
percentage change in this mass is directly proportional to the 
percentage change in both molecular weight of the pressurant and 
the initial temperature. A s  system temperature increased from 
475 to 575"R ,  the required pressul-ant mass for this mission de- 
creased from 0.53  to 0.43 pounds for helium and from 3 - 7 4  to 2.98 
pounds for nitrogen. The difference in nitrogen and helium pres- 
surant mass of approximately 3 pounds is relatively small in com- 
parison to the difference for Missions A I  and A 2 .  Therefore, the 
relative mass savings of a helium system for this mission is not 
as significant as for Missions A1 and A 2 .  Final tank pressure at 
the end of the mission was not affected significantly by changes 
in either liquid temperature or type of pressurant. The small 
differences in final tank pressures between the helium and nitro- 
gen cases are due to the differences in the properties of the 
pressurants such as thermal conductivities, densities, specific 
heats, etc, These properties affect the heat transfer calculations 
in the ullage, 

The pressure history shown in Figure IV-8 was typical of the 
pressure histories obtained for Mission B ,  
history is not presented since temperature remained essentially' 
constant with time because of the isothermal wall assumption. 

Liquid %%mperature 



MCR-70-171 IV- 2 5 

r 

.. 
v) 
c, 
S 
a, > w 
S 
0 

ln 

S 

.r 

P- 

S 
L 
S 
c, 
rb 
m 

I 
a, 
L 
a 

n n  
- w u  
l n s  
I-IN 

L v w  
a, 
c, 

P 
3 
3 
I 
c, 
v) 
0 

-r 

a 

S 
L 
S 
c, 
rb 
m 
I 
c, 
ln 
0 a 

v) 
9 
s= a 
L 
3 
I aJ 
L 
a 

v) 
3 
S 
rb 
L 
2 

I 
a, 
b 
a 

ln 
S 
S 
rb 
L 
3 

I 
c, 
ln 
0 
a 

a, r: 
S 
c, 
Q 
a, z 
I 
a, 
5- 
a 

P 

0 
0 
N m 

0 
0 co 
N 

0 
0 
d 
N 

0 
0 
0 
N 

0 
0 
u3 
d 

0 
0 
N 
4 

0 
0 
a3 

0 
0 
d 

0 

.c., 
S 
rb 
L 
3 
v) 
(n 
al 
L 
a 

(egsd) amssaJd  y u ~ i  



IV- 2 6 MCR-70-171 

Table IV-9 Resu l ts  o f  Thermodynamic Ana lys is  
f o r  M i s s i o n  B 

FINAL TANK 

I 475 He1 i urn 0.53 172.4 I 
0.50 170 a 7 
0.48 169.4 
0.45 167.8 
0.43 166.3 

475 N i t r o g e n  3.74 173.9 

500 

525 
550 
575 I ---------------.--- 

500 
525 
550 
575 

3.52 172.2 
3.33 170.9 
3.15 169.3 
2.98 167.7 

4. Pressurant  Leakage and So lub i1 i t . y  Considerat ions 

All previous discussions concerning pressurization subsystem 
selection and mass calculations did not consider either pressurant 
leakage or solubility. Since all three missions under considera- 
tion are of long duration, both pressurant leakage and solubility 
of the pressurant in the propellants could have a significant im- 
pact on the selection of a pressurant. Pressurant solubility also 
has an impact on the selection of the propellant acquisition de- 
vicese 

a. Pressurant Leakage Considerations - Pressurant leakage 
from thepropulsion system increases pressurization subsystem mass 
and decreases propulsion system reliability. The impact of pres- 
surant leakage on pressurization subsystem mass is considered here. 
Weight penalties due t o  pressurant leakage were evaluated using 
representative leakage rates for helium and nitrogen for Missions 
A I ,  A 2 9  and B. For Missions A1 and A 2 ,  the approach for evaluating 
leakage was the same because mission duration and type of pressuri- 
zation systems being considered are the same. With the A1 and A2 
systems, pressurant leakage could occur from the pressurant stor- 
age tank, pressurization lines and control components, and propel- 
lant tanks, For Mission B, pressurant leakage could only occur 
from fill and vent components and lines and from the propellant 
tank since this is a blowdown system. Also, the duration of this 
mission is approximately an order of magnitude greater than that 
f o r  Missions AI and A2. 
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Realist ic helium and n i t r o g e n  leakage va lues  f o r  t h e  as- 
sembled p ropu l s ion  systems of Missions A I ,  A 2 ,  and B were estab-  
l i s h e d  us ing  t h e  b a s e l i n e  p ropu l s ion  system schematics p re sen ted  
i n  Figures  11-3, 11-4, and 11-5. Each p ropu l s ion  system w a s  d i -  
vided i n t o  subassemblies.  A r e p r e s e n t a t i v e  leakage v a l u e  f o r  each 
subassembly w a s  e s t a b l i s h e d  from a v a i l a b l e  leakage cr i ter ia  and 
d a t a  f o r  s i m i l a r  subassemblies from programs such as Mariner ‘ 7 1 ,  
Apollo App l i ca t ions  Program, and T i t a n  I11 Transtage.  The Mariner 
‘ 7 1  Program w a s  t h e  primary s o u r c e  of d a t a  because of t h e  similar-  
i t y  between i t s  p ropu l s ion  subassemblies and components and those  
f o r  Missions A I ,  A2, and B. The Mariner ‘ 7 1  p ropu l s ion  system 
schematic is  shown i n  F igu re  IV-9 and t h e  maximum e x t e r n a l  leakage 
s p e c i f i c a t i o n  v a l u e s  f o r  each subassembly are presented as t h e  
a s t e r i s k e d  numbers i n  Table IV-10. 

A f t e r  ga the r ing  t h e  s p e c i f i c a t i o n  leakage va lues ,  a com- 
p a r i s o n  between helium and n i t r o g e n  leakage w a s  r equ i r ed  i n  o rde r  
t o  c a l c u l a t e  t h e  t o t a l  l e a k  rate of e i t h e r  helium o r  n i t r o g e n .  
This  comparison w a s  made us ing  t h e  gas-to-gas leakage c o r r e l a t i o n s  
p re sen ted  i n  Reference IV-5 .  For P o i s e u i l l e  (laminar) f low,  which 
covers  leakage rates between lo-’ t o  
expres s ion  f o r  c o r r e l a t i n g  vo lumet r i c  flow f o r  two d i f f e r e n t  gases  
is  given by: 

atm-cc/sec, t h e  g e n e r a l  

QB - I ;! 4 
QA - -  [ IV-31 

where ( P l r  P2) and (P3, PI+) are t h e  p r e s s u r e  p a i r s  f o r  gases  A and 
B ,  r e s p e c t i v e l y ,  and 1 ~ -  and 1.1 are t h e  v i s c o s i t i e s  of t h e  gases .  

I f  t h e  flow is  molecular ,  t h e  leakage p a t h  i s  long compared t o  
t h e  e f f e c t i v e  diameter of t h e  h o l e .  For t h i s  type of f low,  t h e  
volumetr ic  flow c o r r e l a t i o n  i s  given by: 

A B 

“=JFLixEx QB 
E m-41 

where (PI ,  P2) and (P3, PI+) are t h e  p r e s s u r e  p a i r s ,  T and T are 

t h e  temperatures and M 

gases  A and B. 

A B 
and 5 are t h e  molecular weights  f o r  A 
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Table IV-10 Pressurant External Leakage fo r  Mariner '73. Propulsion System 

S UBASS EMBL I ES AND 
COMPONENTS 

Pressurant t a n k  assembly (1) 
Pressurant tanks ( 2 )  
Common manifold 1 i nes 

Pressurant control 
assembly (1) 

Pressure transducer ( I) 
Squib-operated valvesg 

normal ly-cl osed (3)  
Squi b-operated valves 

normal ly-open ( 2 )  
Manual servi ce val ves, 

(capped) ( 2 )  
High capaci ty f i  1 t e r  ( 1) 
Single stage regulator (1) 

Pressurant check and 
r e l i e f  assembly ( 2 )  

Check valves ( 2 )  
Pressure r e l i e f  valves 

and burst  disc  ( 2 )  
Manual service valvesg 

Pressure transducers ( 2 )  
(capped) ( 2 )  

Propel l an t  t a n k  assembly ( 2 )  
Oxidizer t a n k  (1) 
Fuel t a n k  (1) 
Manual servi ce valve 

Temperature 
(capped) ( 2 )  

transducer ( 2 )  

Total system leakage r a t e  

LEAK 
CHECK 

CRITERIA 

GHe a t  4000 
psig & 70"R 

GN2 a t  
4000 psig 

G N ~  a t  
380 psig 
8. 70 * 5°F 

GHe a t  
300 psig 

MAXIMUM 
HELIUM 

LEAKAGE RATE 
( s cc/s ec) 

*2 

13.25 x 

3.18 x 

3- "2 x 

18.45 x 

MAXIMUM . 

M1-T ROG EN 
LEAKAGE RATE 

( scc /sec)  

0.755 x 

-k5 

0.755 x 

6.96 x 

*Specification values; a l l  other values calculated from Q,, = 2.65Q a 

N2 
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b 

Both types  of f low w e r e  considered f o r  t h i s  eva lua t ion .  
It  w a s  assumed t h a t  t h e  gases  were a t  t h e  same temperature  and 
had t h e  s a m e  d r i v i n g  p r e s s u r e  d i f f e r e n t i a l .  Under t h e s e  condi- 
t i o n s ,  t h e  vo lumet r i c  f low r a t i o  of helium t o  n i t r o g e n  reduces t o  

He/QN2 = (%2/'He)L f o r  P o i s e u i l l e  f low and t o  Q - 
QHe/QN2 - 'N2/liHe 
f o r  molecular flow. S ince  g a s  v i s c o s i t y  i s  temperature dependent,  
P o i s e u i l l e  f low v a r i e s  w i th  t h e  temperature l e v e l ;  however, molec- 
u l a r  f low i s  temperature  independent.  For P o i s e u i l l e  f low a t  room 

= 0.9 Q , whi le  f o r  molecular f low, QHe = (28/4)' = 
QHe N2  

temperature ,  

2.65 Q a t  any temperature  l e v e l .  Since molecular f low r e s u l t s  i n  
N 2  

a more c o n s e r v a t i v e  assessment  producing a g r e a t e r  d i f f e r e n c e  be- 
tween helium and n i t r o g e n  l eakage  rates than does P o i s e u i l l e  f low,  
the  molecular f l ow mechanism w a s  employed i n  comparing l e a k  rates.  

Using t h e  molecular  f low r e l a t i o n s h i p ,  t h e  volumetr ic  leak-  
age ra te  of helium o r  n i t r o g e n  was c a l c u l a t e d  f o r  each Mariner ' 7 1  
subassembly; t h e s e  v a l u e s  are shown i n  Table I V - 1 0  along wi th  t h e  
t o t a l  leakage r a t e  c a l c u l a t e d  f o r  t h e  Marker ' 7 1  propuls ion sys-  
t e m .  It w a s  assumed t h a t  t h e  subassembly i n t e r f a c e  connections 
and a l l  connect ions w i t h i n  each subassembly are completely welded. 
The leakage rate used on Mariner ' 7 1  f o r  an  i n t e r f a c e  weld i s  
approximately s c c / s e c  of helium a t  o p e r a t i n g  p r e s s u r e .  Con- 
s i d e r i n g  f i v e  subassembly i n t e r f a c e s ,  t h e  t o t a l  leakage r a t e  f o r  
t h e  welds (5  x SCC of GHe/sec) i s  n e g l i g i b l e  compared t o  t h e  
t o t a l  leakage ra te  of a l l  t h e  subassemblies (6.96 x 
GHe/sec), 
leakage f o r  Missions A I ,  A 2 ,  and B ,  and t h e  r e s u l t s  a r e  p re sen ted  
i n  Tables IV-11 t h r u  LV-13. I n  t e r m s  of volume, helium leakage 
i s  approximately t h r e e  t i m e s  t h a t  of n i t r o g e n ;  however, on a mass 
b a s i s ,  helium leakage i s  about one-third t h a t  f o r  n i t r o g e n .  

SCC of 
The same approach w a s  used i n  e v a l u a t i n g  p r e s s u r a n t  

Since t h e  t o t a l  q u a n t i t i e s  of p r e s s u r a n t  l o s t  by e x t e r n a l  
leakage are ve ry  s m a l l ,  t h e  impact of p r e s s u r a n t  leakage on p r e s -  
s u r i z a t i o n  subsystem m a s s  i s  n e g l i g i b l e .  Even i f  t h e  leakage 
e v a l u a t i o n  were i n  e r r o r  and t h e  helium leakage w a s  an o rde r  of 
magnitude g r e a t e r ,  t h e  m a s s  of helium l o s t  would s t i l l  b e  n e g l i -  
g i b l e  f o r  Mission A 2  and would b e  from f o u r  t o  f i v e  pe rcen t  of t h e  
helium loaded f o r  Missions A I  and B .  These q u a n t i t i e s  s t i l l  have 
no e f f e c t  on t h e  weight t r a d e  between helium and n i t r o g e n  p r e s -  
s u r a n t .  The only e f f e c t  would b e  t o  s l i g h t l y  lower t h e  f i n a l  pres-  
s u r e s  i n  t h e  p r e s s u r a n t  and p r o p e l l a n t  tanks a t  t h e  end of t h e  
mission 
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Table IV-11 Pressurant External Leakage fo r  Mission A l  Propulsion System 

SUBASSEMBLIES AND 
COMPONENTS 

Pressurant tank assembly (1) 
Pressurant tanks (4)  
Common mani fold 1 i nes 

Pressurant control 
assembly (1) 

Pressure transducer (1) 
Squib-operated valves, 

normal ly-cl osed (3)  
Squi b-operated valves, 

normal ly-open ( 3 )  
Manual service valve, 

(capped) (1)  
Pressure regulator ( 1) 

Pressurant r e l i e f  valve 
assembly ( 2 )  

Re1 i ef Val ves and 
burst discs ( 2 )  

Manual service 
valves (capped) ( 2 )  

Check valves ( 2 )  

Propellant actuation 
assembly (1) 

Solenoid valves ( 2 )  
Pneumati c i sol a t i  on 

Pneumatic bipropellant 
valves ( 2 )  

valves ( 2 )  

Propellant tank 
assembly (4)  

Oxidizer tanks ( 2 )  
Fuel tanks ( 2 )  
Manual service valves 

(capped) ( 2 )  

Total system leakage r a t e  

SOURCE 

Mari ner '71 
Program 

Mari ner ' 7 1  
Program 

Mariner ' 71 
Program 

AAP 
Program 

Mar? ner ' 71 
Program 

HELIUM 
LEAKAGE RATE 

(scc/sec)  

13.25 x l r 5  

3.18 

6 x 

4 

6.20 

N I TROGEN 
LEAKAGE RATE 

(scc/sec) 

1.51 

1.2 

2.26 

1.51 

2-34 

Pressurant Leakage Calculations: 
Duration time = 2.335 x 10 sec 
GHe densi ty  = 3.66 x 

G N 2  density = 2.56 x 

Total mass GHe leaked = (2.335 x 10 )(3.66 x 10 ) = 0,053 lbm 
Total mass G H 2  leaked = (2.335 x 10 )(2.56 x 10-6)(2.34 x 10 ) = 0,140 lbm 

7 

lbm/scc a t  1 atm and 70°F 
lbm/scc a t  1 atm and 70°F 

7 -7 - 3  

7 - 3  
)(6.20 x 10 
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Table IV-12 Pressurant External Leakage f o r  Mission A 2  Propulsion System 

S UBASS EMB L I ES A N D  
COMPONENTS 

Pressurant tank 
assembly ( 2 )  

Pressurant tanks ( 2 )  

Pressurant control 
assembly ( 2 )  

Pressure transducer ( 2 )  
Squib-operated valves, 

normal ly-cl osed (6)  
Squib-operated valves, 

normal ly-open ( 6 )  
Manual servi ce valves 

F i l t e r s  ( 2 )  
Pressure regulator  ( 2 )  

(capped) ( 2 )  

R l i e f  valve assembly ( 2 )  
Burst and r e l i e f  

Manual service valve 
valve ( 2 )  

(capped) ( 2 )  

Propellant T a n k  
assembly ( 2 )  

Oxidizer tank (1) 
Fuel t a n k  (1) 
Temperature 

Transducers ( 2 )  
Manual servi ce valves 

Total system leakage r a t e  

SOURCE 

Mariner ' 71 
Program 

Mariner ' 71 
Frogram 

Mari r ' 71  
Program 

Mariner '71  
Program 

HELIUM 
LEAKAGE RATE 

(scc/sec)  

2.65 

3.18 

3.17 

NITROGEN 
LEAKAGE RATE 

(scc/sec)  

0.755 x 

1 

1 . 2  

0.755 x 

L Z O  

Pressurant Leakage Calculations : 
Duration time = 2.335 x l o 7  sec 
GHe density = 3.66 x 

GN, density = 2.56 x 

Total mass GHe leaked = (2.335 x 10 )(3.66 x 10-7)(3.17 x 

Total mass GN2 leaked = (2.335 x 10 )(2.56 x 10-6)(1.20 x 

lbm/scc a t  1 atm and 70°F 
lbm/scc a t  1 atm and 70°F 

7 

7 
= 0.0027 lbm 
= 0.0072 l b m  
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Table IV-13 Pressurant External Leakage f o r  Mission B Propulsion System 

SUBASSEMBLIES AND 
COMPONENTS 

Pressure re1 i ef valve 
assembly (1) 

Burs t / r e l  i ef val ve ( 1) 
Manual valve (capped) (1) 
Pressure transducer (1) 

Propellant tank assembly (1) 
Fuel tank (1) 
Manual service valve 

Temperature 
(capped) (1) 

transducer (1) 

Total system leakage r a t e  

SOURCE 

Mariner ' 7 1  
Program 

Mari ner I71 
Program 

HELIUM 
LEAKAGE RATE 

(scc/sec) 

1.59 IO-' 

1 

2.59 

N I TROG EN 
LEAKAGE RATE 

( s cc/sec) 

6 x 

3.77 x 

9.77 x 

Pressurant Leakage Calculations: 
Duration time = 2.83  x 10 sec 
GHe density = 3.66 x l om7  lbm/scc a t  1 atm and 70°F 
G N 2  density = 2.56 x lbm/scc a t  1 atm and 70°F 
Total mass GHe leaked = (2.83 x 108)(3.66 x 10-7)(2.59 x l om5)  = 0.0027 lbm 
Total mass GN2 leaked = (2.83 x 108)(2.56 x 10-6 ) (9 .77  x l o m 6 )  = 0.0071 l b m  

8 

For a n  order  of magnitude higher  helium leakage  on Mission B,  f o r  
i n s t ance ,  0.027 lbm would be l o s t  and f i n a l  tank  p res su re  would be  

about  1 6 2  p s i a  i n s t ead  of t he  1 7 1  p s i a  c a l c u l a t e d  i n  the  Mission B 
thermodynamic a n a l y s i s .  

helium would r e s u l t  i n  a decrease  of only one p s i a  t o  a f i n a l  v a l u e  
of 170 ps i a .  Even wi th  a n  o rde r  of magnitude e r r o r  i n  helium leak- 
ages  t h e  system should be  capable  of s a t i s f a c t o r y  performance dur- 
ing  t h e  f i n a l  Mission B pre-Neptune burn. Also,  i n  any a c t u a l  sys- 
t e m ,  t h e  t o t a l  p re s su ran t  loaded always inc ludes  a leakage cont in-  
gency t h a t  would o f f s e t  some, i f  n o t  a l l ,  of t h e  s l i g h t  e f f e c t s  
r e s u l t i n g , f r o m  even a n  o rde r  of magnitude e r r o r .  Thus, leakage 
should no t  be  a major cons ide ra t ion  i n  s e l e c t i o n  of t h e  pressur -  
a n t  a 

The c a l c u l a t e d  leakage of 0.0027 lbm of 
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b e  P r e s s u r a n t  S o l u b i l i t y  Cons ide ra t ions  - When p r e s s u r a n t  g a s  
i s  allowed t o  c o n t a c t  a p r o p e l l a n t ,  some of t h e  g a s  d i s s o l v e s  i n  
o r  i s  absorbed by t h e  p r o p e l l a n t .  The equ i l ib r ium c o n c e n t r a t i o n  
of d i s so lved  gas  i n  t h e  l i q u i d  i s  a f u n c t i o n  of t h e  p a r t i a l  pres- 
s u r e  of t h e  p r e s s u r a n t  g a s  i n  t h e  vapor space ( u l l a g e )  nex t  t o  t h e  
bulk l i q u i d  and t h e  temperature  of t h e  l i q u i d .  For p r o p e l l a n t s  on 
which information i s  a v a i l a b l e ,  the e q u i l i b r i u m  g a s  s o l u b i l i t y  has  
g e n e r a l l y  been founu t o  f o l l o w  Herlry's Law f o r  d i l u t e  s o l u t i o n s .  
Th i s  l a w  states t h a t  t h e  c o n c e n t r a t i o n  of a gas  i n  a l i q u i d  a t  
equ i l ib r ium i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  p a r t i a l  p r e s s u r e  of 
t h e  gas i n  t h e  vapor above t h e  l i q u i d .  The c o n s t a n t  of propor- 
t i o n a l i t y  i s  c a l l e d  t h e  Henry's Law cons t an t  which ho lds  f o r  a 
given system temperature;  however, t h e  va lue  f o r  t h i s  cons t an t  
changes f o r  a d i f f e r e n t  system temperature ,  This  has  been demon- 
s t r a t e d ,  i n  p a r t i c u l a r ,  f o r  bo th  n i t r o g e n  and helium i n  a v a r i e t y  
of p r o p e l l a n t s  (Ref IV-6  t h r u  IV-lS), I n  a d d i t i o n ,  t h e  s o l u b i l i t y  
of only s l i g h t l y  s o l u b l e  i n e r t  gases  g e n e r a l l y  i n c r e a s e s  wi th  i n -  
c r eas ing  temperature  w h i l e  t h e  s o l u b i l i t y  of a p p r e c i a b l e  s o l u b l e  
i n e r t  gases  may dec rease  w i t h  i n c r e a s i n g  temperature ,  A s  a gen- 
eral  r u l e ,  t h e  s o l u b i l i t y  of n i t r o g e n  is  a t  least an  o r d e r  of 
magnitude g r e a t e r  t han  t h a t  of helium i n  most of t h e  commonly used 
p r o p e l l a n t s .  The s o l u b i l i t y  of both gases  i n  o x i d i z e r s  i s  almost 
an  o r d e r ' o f  magnitude g r e a t e r  t han  t h e i r  s o l u b i l i t y  i n  f u e l s ,  

~ ~~~ - -~ 

I n  cons ide r ing  t h e  d i f f e r e n t  p r o p e l l a n t  a c q u i s i t i o n  tech- 
n iques ,  i t  i s  seen  t h a t  p r e s s u r a n t  s o l u b i l i t y  is  n o t  a problem 
wi th  impermeable b a r r i e r s  such as metal l ic  diaphragms and bel lows,  
as long as care is  taken t o  minimize t h e  d i s so lved  gas content  of 
loaded p r o p e l l a n t .  No a d d i t i o n a l  gas can b e  added t o  t h e  propel- 
l a n t  a c r o s s  t h e  impermeable metal b a r r i e r  du r ing  system o p e r a t i o n .  
The same is  n o t  t r u e  of s u r f a c e  t e n s i o n ,  e x t e r n a l  s e t t l i n g ,  d i e l e c -  
t r o p h o r e t i c ,  o r  polymeric b l adde r  a c q u i s i t i o n  systems. With su f -  
f i c i e n t  exposure t i m e ,  s a t u r a t e d  p r o p e l l a n t s  w i l l  r e s u l t  w i th  a l l  
fou r  of t h e s e  systems s i n c e  i n t i m a t e  c o n t a c t  e x i s t s  between t h e  
p r e s s u r a n t  and p r o p e l l a n t  i n  t h e  f i r s t  t h r e e  systems, and polymeric 
b l adde r s  are semipermeable t o  gases  and p r o p e l l a n t  vapors .  On t h e  
Surveyor v e r n i e r  p ropu l s ion  system, f o r  example, helium w a s  found 
t o  permeate t h e  Te f lon  b l adde r  r e s u l t i n g  i n  an e q u i l i b f i u m  condi- 
t i o n  i n  t h e  p r o p e l l a n t  (90-10 MOM) a f t e r  about 10 hours .  A t  t h i s  
p o i n t ,  as much helium w a s  going from t h e  p r o p e l l a n t  through t h e  
b l adde r  as w a s  e n t e r i n g  t h e  p r o p e l l a n t  through t h e  b l adde r  (Ref 
IV-16) 
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250 

250 

525 

525 

500 

IV-35 

350 320 0.183 182.000 

350 349 0.027 45.200 

350 337 0.082 3.900 

350 349 0.012 0.428 

350 350 0.00038 0.005: 

Data are available on the equilibrium solubility of both 
helium and nitrogen in the propellants of interest (Ref IV-6 thru 
IV-15). These data were used to calculate the equilibrium amount 
of pressurant dissolved in the propellants at the nominal system 
pressure and temperature, and the results are shown in Table IV-14. 
For Mission B ,  it was assumed that the dissolved solid, N ~ H s N O ~ ~  
did not affect the solubility of the gases in hydrazine. These 
results show that from the solubility standpoint, helium is a more 
desirable pressurant than nitrogen for all three missions. In 
addition, the very high solubility of nitrogen in both OF2 and 
B2H6 in comparison to helium essentially rules out its considera- 
tion as a pressurant for Mission A1 and any other long duration 
mission using these propellants, unless absolute separation of 
the propellant and pressurant is provided. 

B 

Table IV-14 Pres su ran t  Amounts Contained i n  Sa tu ra t ed  

75/25 ni- 
trated 
hydra zi ne 

A2 N2°4 1 MMH 

Propel 

PROPELLANT 
QUANTITY 

(' 1 
820 

270 

872 

562 

135 
(101 l b  
N2H4 1 

a n t s  

I DISSOLVED I PROPELLANT I PRESSURANT PRESSURANT 
PROPELLANT TANK PARTIAL 
TEMPERATURE 1 PRESSURE 1 PRESSURE 14 

(OR) (psis) (psis) 

The dissolved pressurant quantities shown in Table LV-l4 
must be added to the pressurant quantities required to accomplish 
system pressurization only. From the quantities shown for all 
three missions, it is seen that the impact of gas solubility on 
the pressurant requirement is negligible for helium on all mis- 
sions, and for nitrogen on Mission B e  This is not the case with 
nitrogen pressurant for Missions A1 and A2. An additional quantity 
of nitrogen, amounting to 227 lbm for Mission A1 and 4.3 lb for 

Mission Az9 is required because of gas solubility if gas/liquid 
contact is not precluded, 

m 
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B. EFFECTS OF PRESSURIZATION SUBSYSTEM ON ACQUISITION 
DEVICES 

An analysis was conducted to evaluate the effects of pressur- 
ization related parameters on the selection of propellant acquisi- 
tion devices. The pressurization variables that affect acquisition 
device performance are type of pressurant, propellant temperature, 
and propellant tank pressurant inlet temperature. These are mani- 
fested in the areas that were considered (1) temperature sensitiv- 
ity of acquisition devices, (2) amount of propellant vaporized, 
and (3 )  solubility of pressurants in the propellants. The three 
areas impact the selection of both the acquisition device and the 
pressurization subsystem. 

The temperature range over which the candidate acquisition de- 
vices can be employed has been discussed previously as each device 
was considered. For instance, materials for polymeric diaphragms 
that are suitable for use at the Mission A1 temperatures are not 
available. In general, however, if an acquisition device concept 
is a serious contender for a mission, the temperature ranges in- 
vestigated in the tank thermodynamic analyses do not present any 
significant design problems. Both propellant temperature and 
pressurant inlet temperature have negligible effects on acquisition 
devices over the ranges considered in this investigation. 

Propellant vaporization does impact the selection of a propel- 
lant acquisition device. Devices that do not preclude vaporiza- 
tion of the propellant must receive a weight penalty equal to the 
mass of propellant vaporized in the tank at the end of the mission 
minus the mass of pressurant saved. This is the difference in gas 
residuals between devices allowing propellant vaporization and 
those precluding vaporization, and amounts to 7.7 pounds on Mission 
A1 and 2.0 pounds on Mission A2. For Mission B, the amount of 
vaporized propellant for devices not precluding vaporization was 
negligible. In assessing mass attributable to dielectrophoretic 
systems, settling rockets, surface tension devices, the capillary 
bellows device, and polymeric bladders and diaphragms the above 
masses must be included in arriving at the total mass attributable 
to the acquisition device. The penalty does not apply to complete 
bellows systems or metallic bladders and diaphragms. 
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Of t h e  t h r e e  areas cons idered ,  s o l u b i l i t y  of p re s su ran t  i n  t h e  
p r o p e l l a n t s  could have t h e  g r e a t e s t  impact on t h e  s e l e c t i o n  of both 
t h e  p r o p e l l a n t  a c q u i s i t i o n  device  and t h e  p r e s s u r i z a t i o n  subsystem. 
The quan t i ty  of p re s su ran t  t h a t  could b e  d isso lved  i n  t h e  propel- 
l a n t s  w a s  eva lua ted  i n  t h e  p re s su ran t  s o l u b i l i t y  a n a l y s i s  f o r  t h e  
t h r e e  r e fe rence  miss ions .  
i n  t h e  p r o p e l l a n t s ,  b u t  t h e  q u a n t i t y  of d i sso lved  n i t rogen  would 
be  much g r e a t e r  than  t h a t  f o r  helium. This  i s  p a r t i c u l a r l y  t r u e  
f o r  Mission A I .  
s i t i o n  devices  t h a t  a l low p res su ran t  con tac t  wi th  t h e  p r o p e l l a n t .  
L i t t l e  e f f e c t  would probably r e s u l t  on t h e  design of d i e l e c t r o -  
p h o r e t i c  o r  e x t e r n a l  s e t t l i n g  systems; however, p re s su ran t  solu-  
b i l i t y  could have a cons iderable  e f f e c t  on t h e  design of polymeric 
b ladders  and diaphragms and s u r f a c e  t ens ion  devices .  

Both helium and n i t rogen  are s o l u b l e  

Dissolved p res su ran t  would r e s u l t  wi th  a l l  acqui- 

The amount of p re s su ran t  gas t h a t  w i l l  d i s s o l v e  i n  t h e  l i q u i d  
p rope l l an t  i s  dependent upon t h e  p a r t i a l  p re s su re  of t h e  pressur -  
a n t .  
so lve ,  whi le  a p res su re  r educ t ion  w i l l  r e s u l t  i n  gas evolu t ion .  
For each mission,  changes i n  t h e  p a r t i a l  p re s su re  of t h e  pressur -  
a n t  must b e  considered t o  determine t h e  e f f e c t s  due t o  s o l u b i l i t y .  

Inc reas ing  t h e  p re s su re  w i l l  a l low more p re s su ran t  t o  d i s -  

The p res su re  p r o f i l e s  f o r  t h e  Mission A1 f u e l  and ox id ize r  
tanks are presented  i n  F igures  I V - 4  and IV-5. Because t h e  p a r t i a l  
p re s su re  of t h e  p r o p e l l a n t  vapor i s  s m a l l ,  t h e  tank p res su re  can 
be  considered t o  b e  t h e  p a r t i a l  p re s su re  of t h e  p re s su ran t  f o r  t h e  
purposes of a conse rva t ive  eva lua t ion .  The tanks are i n i t i a l l y  
p re s su r i zed  a t  100 p s i a .  I f  t h e  t r a n s i e n t  per iods  of prepressur-  
i z a t i o n  and burn a r e  neglec ted  because of t h e i r  s h o r t  du ra t ion ,  
i t  can b e  seen t h a t  t h e r e  i s  a gradual  i n c r e a s e  i n  tank p res su re  
throughout t h e  mission.  I n  gene ra l ,  t h e  p re s su ran t  i s  be ing  d i s -  
solved i n t o  t h e  p r o p e l l a n t  throughout t h e  mission as t h e  p re s su re  
inc reases .  There are some t r a n s i e n t  per iods  during which gas 
would b e  evolved; f o r  i n s t a n c e ,  dur ing  t h e  second o r b i t a l  t r i m  
burn ,  t h e  p re s su re  drops about 6 p s i .  
t h e  p re s su re  then  b u i l d s  back up and f i n a l l y  exceeds t h e  preburn 
leve l  

Within t h e  next  20 days,  

Missions A, and B had tank p res su re  h i s t o r i e s  completely d i f -  

For Mission B ,  t he re  
f e r e n t  from those  of Mission A l .  
t i a l l y  cons tan t  a t  350 p s i a  f o r  Mission A2. 
is a decrease  i n  tank p res su re  throughout t h e  miss ion ,  
i s  i n i t i a l l y  p re s su r i zed  t o  350 p s i a ,  s o  gas  i s  always being 
evolved from the  p r o p e l l a n t  as t h e  p re s su re  decreases ,  
p re s su re  p r i o r  t o  t h e  l as t  burn i s  185 p s i a  as shown i n  F igure  
I V - 8  

Tank p res su re  remained essen- 
- - _  

The tank 

The tank 
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The maximum amount of evolved p res su ran t  gas  t h a t  could a f f e c t  
t he  ope ra t ion  of t h e  p r o p e l l a n t  a c q u i s i t i o n  device  can be de te r -  
mined based on the  fol lowing assumptions: 

1) Helium p res su ran t  would be used; 

2)  The f r a c t i o n  of t h e  gas evolved i s  p ropor t iona l  t o  
t h e  r a t i o  of t he  p re s su re  drop t o  the tank ope ra t ing  
p res su re  (from Henry's Law cons ide ra t ions  assuming 
p r o p e l l a n t  p a r t i a l  p re s su re  i s  n e g l i g i b l e ) ;  

3) The maximum pres su re  drop, ignor ing  s h o r t  du ra t ion  
t r a n s i e n t s ,  i s  6 p s i  f o r  Mission A I ,  zero f o r  Mission 
A2, and 165 p s i  f o r  Mission B. 

For polymeric b ladders  and diaphragms, any gas t h a t  i s  evolved 
on t h e  l i q u i d  s i d e  of t h e  b a r r i e r  is  a problem because i t  could be  
inges t ed  by t h e  engine.  By cons ider ing  t h e  i n i t i a l  l i q u i d  volume 
and t h e  above assumptions,  a worst  case estimate of t h e  volume of 
evolved gas w a s  made. The r e s u l t i n g  q u a n t i t i e s  are shown i n  Table 
117-15. 

Table IV-15 Hel ium Gas E v o l u t i o n  

M I S S I O N  

A 1  

A2 

B 

TANK 

OF2 

B2H6 

N204 

MMH 

N i t r a t e d  
N2H4 

AMOUNT OF He EVOLVED 

While t h e  volumes are n o t  excess ive ,  no gas i n g e s t i o n  i s  d e s i r e d .  
Thus, a screen  device  over t h e  tank o u t l e t  is  r equ i r ed  wi th  poly- 
m e r i c  b ladders  and diaphragms t o  p r o h i b i t  t h e  evolved gas  from 
en te r ing  t h e  engine.  This  sc reen  device  would ope ra t e  i n  t h e  same 
manner as t h e  cove rp la t e  of a p rope l l an t  s u r f a c e  t ens ion  t r a p  de- 
v i c e  by providing a gas b a r r i e r .  
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For a s u r f a c e  t ens ion  device ,  only t h e  gas  t h a t  i s  evolved 
w i t h i n  t h e  device  i t s e l f  w i l l  have any e f f e c t .  For devices  t h a t  
c o n s i s t  of l i n e r s ,  t h e  l i q u i d  volume i s  s m a l l  and t h e  evolved gas 
could be  purged. Of t h e  many p o s s i b l e  s u r f a c e  t ens ion  device  con- 
f i g u r a t i o n s ,  a p r o p e l l a n t  t r a p  would be most a f f e c t e d  by gas  evolu- 
t i o n .  For t h e  conceptual  s u r f a c e  t ens ion  device  t r a p  des ign ,  t h e  
amount of gas t h a t  could be  evolved w i t h i n  t h e  r e s e r v o i r  i s  a l s o  
shown i n  Table IV-15. 

I f  t h e  t rapped l i q u i d  i s  i n  con tac t  wi th  t h e  cove rp la t e ,  l i q u i d  
w i l l  be  forced ou t  of t h e  r e s e r v o i r  when gas i s  evolved s i n c e  a 
lesser p res su re  d i f f e r e n c e  i s  requi red  t o  flow l i q u i d  through t h e  
cove rp la t e  than  t o  flow gas  because of t h e  c a p i l l a r y  r e t e n t i o n  
c a p a b i l i t y .  Based on the  p re s su re  h i s t o r i e s  presented  , i n  F igures  
I V - 4 ,  IV-5, and IV-8, a maximum of fou r  drops i n  p re s su re  could 
occur f o r  Mission A1 and t h e r e  would be a s i n g l e  p re s su re  drop f o r  
Mission B. Therefore ,  t h e  maximum amount of p r o p e l l a n t  t h a t  could 
be  l o s t  from t h e  t r a p  i s  obtained by mul t ip ly ing  t h e  amount of 
helium evolved w i t h i n  t h e  t r a p  (Table I V - 1 5 )  by t h e  expected num- 
b e r  of  p re s su re  drops.  

The amounts of p rope l l an t  involved are s m a l l  and can be  e a s i l y  
accounted f o r  i n  t h e  des ign  of t h e  s u r f a c e  t ens ion  device.  The 
maximum amount of p r o p e l l a n t  l o s t  would be from the  su r face  t ens ion  
t r a p  i n  t h e  OF, tank.  An amount of about 3 cu i n . ,  o r  about 0.16 
lbm,  of p r o p e l l a n t  would be l o s t ,  and s u f f i c i e n t  p rope l l an t  would 

remain i n  t h e  t r a p  t o  resett le t h e  l o s t  0.16 l b  . m 

C. EFFECTS OF TWO VERSUS FOUR PROPELLANT TANKS ON 
PRESSURIZATION SUBSYSTEM 

A q u a l i t a t i v e  eva lua t ion  w a s  made t o  determine t h e  impact on 
t h e  p r e s s u r i z a t i o n  system of fou r  p r o p e l l a n t  tanks i n  p l a c e  of t h e  
two-tank system employed i n  t h e  prev ious ly  d iscussed  a n a l y s i s .  
s p h e r i c a l  t anks ,  t h e  n e t  e f f e c t  of changing t o  four  tanks having 
t h e  same t o t a l  volume is  t o  i n c r e a s e  t h e  t o t a l  s u r f a c e  area which 
inc ludes  both  t h e  w a l l  and g a s / l i q u i d  i n t e r f a c e  areas. 
crease i n  area produces an i n c r e a s e  i n  t h e  h e a t  t r a n s f e r  rates 
t h a t  a f f e c t s  p re s su ran t  usage, p rope l l an t  temperature ,  and gas 
r e s i d u a l s .  I n  changing from two t o  fou r  t anks ,  p re s su ran t  usage 
w i l l  i n c r e a s e  because more energy w i l l  be  t r a n s f e r r e d  from t h e  
u l l a g e  t o  t h e  tank w a l l s  and p r o p e l l a n t .  P rope l l an t  temperature  

For 

The in-  
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w i l l  tend t o  be h igher  because of t h e  increased  h e a t  t r a n s f e r  
ac ross  t h e  g a s / l i q u i d  i n t e r f a c e .  Inc reases  i n  both p re s su ran t  
usage and p r o p e l l a n t  temperature w i l l  produce h ighe r  gas r e s i d u a l s ,  
i . e . ,  p re s su ran t  gas  p l u s  p rope l l an t  vapor.  

The o v e r a l l  e f f e c t  of i nc reas ing  t h e  number of p rope l l an t  
tanks from two t o  fou r  w i l l  be  an i n c r e a s e  i n  p r e s s u r i z a t i o n  sub- 
system m a s s ;  however, t h i s  i nc rease  should b e  small. 
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V. TANK DESIGN AND PACKAGING 

v- 1 

A s tudy  of p r o p e l l a n t  tank design and packaging requirements 
w a s  performed t o  supply p e r t i n e n t  tankage d a t a  t o  support  t h e  
system eva lua t ion  phase of t h e  program, Overall s tudy gu ide l ines  
f o r  t h i s  phase of t h e  program w e r e  d i scussed  i n  Chapter I1 of 
t h i s  r e p o r t .  B r i e f l y  r e s t a t e d ,  t h e  gu ide l ines  requi red  an evalu- 
a t i o n  of two versus  fou r  tanks (Missions A1 and A 2 ) ,  s p h e r i c a l  
versus  c y l i n d r i c a l  geometry, and all-metal versus  composite con- 
s t r u c t i o n .  The envelope c o n s t r a i n t s  p laced  on the  p r o p e l l a n t  tank 
s tudy  were a l s o  prev ious ly  d iscussed  i n  Chapter 11. The Viking 
O r b i t e r  propuls ion  envelope shown i n  F igure  11-1 w a s  used f o r  
Missions A1 and A2.  
w a s  used f o r  Mission B. 

The propuls ion  envelope shown i n  Figure 11-2 

The b a s e l i n e  tank  dimensions presented  i n  Table V-1 were cal- 
cu la t ed  from the  propuls ion  system cr i ter ia  given i n  Table 11-4, 
Chapter 11, For t h e  c y l i n d r i c a l  t anks ,  length-to-diameter r a t i o s  
i n  t h e  range of 1 .3  t o  2.0 were used. 
s t o r a g e  tank dimensions, a l s o  given i n  Table V-1, were ca l cu la t ed  
from da ta  obta ined  from t h e  p r e s s u r i z a t i o n  a n a l y s i s  d i scussed  i n  
Chapter I V .  

The helium p res su ran t  

Table V-1 Baseline Tank Dimensions 

Configuration 
Volume, f t 3  
Spherical 

Cy1 i ndrical (hemispherical domes) 
Diameter , in .  

Diameter, in. 
Length, in. 

Configuration 
Volume, f t 3  
Spherical 

Cylindrical (hemispherical domes) 
Diameter, in. 

Diameter, in. 
Length, in .  

Helium pressurant storage tank 
(spherical ) 

Volume, f t 3  
Diameter, in. 

A1 
2 Tanks 

9.92 

32.0 

28.0 
37.18 

4 Tanks 
4.96 

25.39 

20.0 

33.98 

2.68 
20.7 

MISSIOI 

A2 

? Tanks 
11.25 

33.33 

28.0 
40.89 

% Tanks 
5.62 

26.47 

20.0 

37.58 

2.38 
19.9 

B 

1 Tank 
3.86 

23.35 

18.0 
32.20 

-- 

-- 

-- 
-- 

Integral 
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A. PROPELLANT TANK PACKAGING CONSIDERATIONS 

Various p r o p e l l a n t  tank conf igura t ions  were eva lua ted  f o r  ap- 
p l i c a t i o n  i n  the  s p e c i f i e d  propuls ion  system envelopes.  Varia- 
t i o n s  i n  number, s i z e ,  and shape of the  p r o p e l l a n t  tanks were 
considered i n  o rde r  t o  determine s u i t a b l e  tank packaging arrange- 
ments. A d i scuss ion  of t he  packaging requirements f o r  t h e  re f -  
e rence  missions is  presented  i n  t h i s  s e c t i o n .  

1. M i s s i o n  A, and A3 

A comparison of t he  b a s e l i n e  s p h e r i c a l  and c y l i n d r i c a l  tank 
requirements of Missions A1 and A2 presented  i n  Table V-1  ind i -  
ca ted  t h a t  t he  Mission A2 tanks are s l i g h t l y  l a r g e r  than those  
requi red  f o r  Mission A1.  However, s i n c e  t h e  d i f f e rence  w a s  
s m a l l ,  t h e  Mission A2 tanks w e r e  eva lua ted .  The r e s u l t s  are rep- 
r e s e n t a t i v e  f o r  both missions.  

Two- and four-tank conf igura t ions  of t h e  b a s e l i n e  s p h e r i c a l  
and c y l i n d r i c a l  tanks w e r e  eva lua ted .  Figures  V-1  and V-2 p resen t  
poss ib l e  packaging arrangements f o r  two sphe r i ca l -  and two cyl in-  
dr ica l - tank  systems, r e spec t ive ly .  S i m i l a r  packaging arrangements 
f o r  f o u r  s p h e r i c a l  and four  c y l i n d r i c a l  tank systems are pre- 
sen ted  i n  Figures  V-3 and V-4, r e spec t ive ly .  A l l  b a s e l i n e  tanks 
toge ther  wi th  a p r e s s u r i z a t i o n  s t o r a g e  sphere  f i t  w i th in  t h e  re- 
qui red  envelope and p resen t  no packaging problems. 

Ce r t a in  p r o p e l l a n t  a c q u i s i t i o n  devices ,  t he  r ing-reinforced 
diaphragm and t h e  m e t a l  bellows, r e q u i r e  tank shapes o t h e r  than 
the  b a s e l i n e  spheres  o r  cy l inde r s  i n  o rde r  t o  improve volumetr ic  
and expuls ion e f f i c i e n c i e s .  F igures  V-5 and V-6 i l l u s t r a t e  pos- 
s i b l e  package arrangements f o r  two- and four-conospheroid tanks,  
r e spec t ive ly .  The 10-degree conospheroid tanks are app l i cab le  
f o r  r ing- re inforced  diaphragms. Metal bellows requi red  a cyl in-  
d r i c a l  tank w i t h  an inve r t ed  upper dome as d iscussed  previous ly  
i n  Chapter 111. Two- and four-tank arrangements of t he  s p e c i a l  
cy l inde r s  requi red  by m e t a l  bellows are shown i n  Figures  V-7 and 
V-8. Both the  conospheroid and special  c y l i n d r i c a l  tanks f i t  
t he  requi red  envelope; no packaging problems are encountered wi th  
e i t h e r  two o r  fou r  tanks.  
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Figure V-3 Baseline, Four Spherical-Tank System 
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An eva lua t ion  of t h e  p r a c t i c a l  growth l i m i t s  f o r  t he  spher i -  
ca l  and c y l i n d r i c a l  tankage arrangements over  t h e  b a s e l i n e  con- 
f i g u r a t i o n  w a s  a l s o  made during the  s tudy.  This  eva lua t ion  in-  
d i ca t ed  t h a t  t he  maximum diameter permi t ted  by the  propuls ion  
envelope f o r  two s p h e r i c a l  tanks mounted s i d e  by s i d e  w a s  approx- 
imate ly  37 inches .  The tank volume corresponding t o  t h e  maximum 
diameter  i s  36% g r e a t e r  than  t h e  b a s e l i n e  tank  volume. For t h e  
fou r  spher ica l - tank  arrangement i l l u s t r a t e d  i n  Figure V-3, t h e  
eva lua t ion  i n d i c a t e d  t h a t  an inc rease  of 50% i n  p r o p e l l a n t  and 
p res su ran t  volumes could reasonably be accommodated w i t h i n  t h e  
requi red  envelope, The packaging arrangement f o r  fou r  spheres  
wi th  a 50% inc rease  i n  volume i s  shown i n  F igure  V-9. 

The envelope w i l l  e a s i l y  accommodate the  50% growth tank 
systems i n  both t h e  two and f o u r  cy l indr ica l - tank  conf igura t ions  LI 
This  growth c a p a b i l i t y  can be seen  from Figure  11-1 which de- 
s c r i b e s  the  Viking O r b i t e r  four-tank conf igura t ion .  The Viking 
p r o p e l l a n t  tank volume i s  g r e a t e r  than  the  Mission A2 b a s e l i n e  
volumes by 126%. 

2. M i s s i o n  B 

A s tudy of p r o p e l l a n t  tank packaging w a s  a l s o  performed f o r  
Mission B i n  a manner similar t o  t h a t  f o r  t h e  A 1  and A2 missions.  
However, t h e  packaging problem f o r  Mission B i s  somewhat s i m p l i -  
f i e d  because only one p r o p e l l a n t  tank i s  requi red  f o r  t h e  mono- 
p r o p e l l a n t  s y s  t e m .  The b a s e l i n e  s p h e r i c a l  and c y l i n d r i c a l  tanks 
f o r  Mission B are shown i n  Figures  V-10 and V-11,  r e s p e c t i v e l y ,  
Nei ther  of t hese  conf igura t ions  p r e s e n t  any packaging problems. 

When cons ider ing  t h e  growth p o t e n t i a l  of t h e  p r o p e l l a n t  tank, 
i t  w a s  found t h a t  t he  s p h e r i c a l  tank volume could be increased  
by 50% and s t i l l  remain w i t h i n  t h e  l i m i t s  of t h e  envelope (Fig. 
V-12). 
d r i c a l  tank, a growth f a c t o r  of 50% is too l a r g e  i f  t he  b a s e l i n e  
length-to-diameter r a t i o  i s  maintained. 
the p r o p e l l a n t  tank and t h e  engine system would occur ,  as shown 
i n  F igure  V-13.  I f  t h e  length-to-diameter r a t i o  of the  p r o p e l l a n t  
tank were reduced, t h e  engine i n t e r f e r e n c e  problem could probably 
be e l imina ted .  

However, when cons ider ing  the  growth p o t e n t i a l  of a cyl in-  

I n t e r f e r e n c e  between 

Packaging of 10-degree conospheroid tanks f o r  use wi th  the  
r ing- re inforced  diaphragm w a s  a l s o  inves t iga t ed .  Figures  V-14 
and V-15 i l l u s t r a t e  t h e  arrangement f o r  two tanks ,  each of base- 
l i n e  volume, bu t  d i f f e r e n t  length-to-diameter r a t i o s .  A tank 
wi th  an L/D of 1 .6  (Fig. V-14) can be acceptab ly  packaged w i t h i n  
the  envelope whi le  a tank wi th  a n  L/D of 2.43 cannot (Fig. V-15). 
A s p e c i a l  c y l i n d r i c a l  tank f o r  use wi th  bellows r e s u l t s  i n  crowd- 
ing  and p o s s i b l e  i n t e r f e r e n c e  w i t h  the  engine as shown i n  Figure 
V-16 e 
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3. Summary o f  Packaging Requirements 

Tank package volume, t o t a l  volume of t a n k s  tank  package s u r -  
f a c e  area, t a n k  s u r f a c e  area, and meteoro id  impact s u r f a c e  area 
were e s t a b l i s h e d  f o r  each  packaging arrangement shown i n  F i g .  V-1 
through V-16. These d a t a  are summarized i n  Table  V-2. I n f o r -  
mat ion on t h e  Viking O r b i t e r  system i s  i n c l u d e d  f o r  comparison. 
The t a n k  package volume i s  d e f i n e d  as t h e  volume e n c l o s i n g  t h e  
p r o p e l l a n t  and p r e s s u r i z a t i o n  s t o r a g e  tanks .  The d a t a  p r e s e n t e d  
f o r  t h e  A Missions are f o r  Mission A2 only ;  however, t h e  r e l a t i o n  
between t h e  t a b u l a t e d  parameters  f o r  each t a n k  arrangement should  
b e  v a l i d  f o r  Mission A1 a l s o .  Because of t h e  s i n g l e  t a n k  sys tem 
employed f o r  Mission B ,  n o t  a l l  of t h e  parameters  shown f o r  M i s -  
s i o n  A2 are a p p l i c a b l e .  For  Mission B ,  t h e  t a n k  package volume 
e q u a l s  t h e  p r o p e l l a n t  tank  volume s i n c e  i t  c o n t a i n s  b o t h  propel -  
l a n t  and p r e s s u r a n t .  

B. TANK MATERIAL EVALUATION 

P r o p e l l a n t  tanks  may b e  f a b r i c a t e d  from all-metal material 
o r  may b e  composed of  composite material. The e v a l u a t i o n  of t a n k  
material  i n  r e g a r d  t o  s t r e n g t h ,  c o m p a t i b i l i t y ,  and manufactur ing 
c o n s i d e r a t i o n s  i s  d i s c u s s e d  i n  t h i s  s e c t i o n .  

1. Metal Tank Material 

I n f o r m a t i o n  w a s  compiled on t h e  c o m p a t i b i l i t y  of  v a r i o u s  
metals and nonmetals w i t h  t h e  c a n d i d a t e  p r o p e l l a n t s .  T h i s  i n f o r -  
mat ion i s  p r e s e n t e d  i n  Ref 111-54 and 111-55. Based on t h e  com- 
p i l a t i o n ,  e l e v e n  m e t a l  a l l o y s  were s e l e c t e d  as c a n d i d a t e  t a n k  
materials. W e l d a b i l i t y ,  p r o p e l l a n t  c o m p a t i b i l i t y ,  and s t r e n g t h -  
to-weight r a t i o  f o r  t h e s e  materials are p r e s e n t e d  i n  Table  V-3, 
From t h e s e  c o n s i d e r a t i o n s ,  i t  w a s  concluded t h a t  a c c e p t a b l e  ma- 
ter ia ls  f o r  Mission A1 are s t a i n l e s s  s teel  o r  aluminum; t i t a n i u m  
o r  aluminum are a c c e p t a b l e  materials f o r  Mission A2 and B. 

I n  choosing between s t a i n l e s s  steel  and aluminum f o r  Mission 
A 1 ,  i t  i s  noted  t h a t  t h e  1100 and 6061 aluminum a l l o y s  and 304L, 
321, 347 and 316 s t a i n l e s s  s tee l  a l l o y s  have low s t r e n g t h - t o -  
weight  r a t i o s ,  and t h e r e f o r e  o f f e r  a n  a p p r e c i a b l e  system weight  
p e n a l t y .  Both t h e  301 cryoformed s t a i n l e s s  s t ee l  and t h e  t h r e e  
h i g h - s t r e n g t h  aluminum a l l o y s  (2024, 2014, and 2219) o f f e r  moder- 
a t e l y  h i g h ,  and about  e q u a l ,  s t rength- to-weight  r a t i o s .  It w a s  
concluded from weight  c o n s i d e r a t i o n s  t h a t  t h e  l a t te r  group of 
materials would be p r e f e r r e d .  
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When w e l d a b i l i t y  i s  considered, problems are encountered wi th  
the  301 cryoformed s t a i n l e s s  s teel .  Welding anneals  t he  material 
i n  t h e  h e a t  a f f e c t e d  zone causing a reduct ion  i n  s t r e n g t h .  
could p re sen t  problems i n  a t t ach ing  support  b racke ts ,  f l anges  
and some of t he  p rope l l an t  a c q u i s i t i o n  subsystem candidates  

. -  -This reduced s t r e n g t h  might be overcome, bu t  both cos t  and t i m e  
would be involved i n  a r r i v i n g  a t  t h e  b e s t  s o l u t i o n .  The cryo- 
formed 301 has another  disadvantage i n  t h a t  i t  e x h i b i t s  the 
c h a r a c t e r i s t i c s  of a permanent magnet. This could r e s u l t  i n  
s p a c e c r a f t  compa t ib i l i t y  problems by a f f e c t i n g  o r  l i m i t i n g  t h e  
s e l e c t i o n  of components f o r  t h e  guidance system and payload 
sc i ence ,  Therefore ,  t h e  cryoformed material d i sp l ays  enough d is -  
advantages t o  e l i m i n a t e  i t  from cons idera t ion .  Of the  high- 
s t r e n g t h  aluminum a l l o y s  under cons ide ra t ion  , only t h e  2219-T87 
a l l o y  e x h i b i t s  good we ldab i l i t y .  It i s  t h e r e f o r e  t h e  p r e f e r r e d  
material f o r  t h e  Mission A1 p r o p e l l a n t  tanks.  

This  

Because aluminum and t i t an ium are compatible materials f o r  
the  Mission A2 and B p r o p e l l a n t s  and because both  e x h i b i t  good 
w e l d a b i l i t y ,  i t  i s  necessary  t o  base  t h e  choice on t h e i r  s t r eng th -  
to-weight r a t i o s .  It w i l l  be  noted from Table  V-3 t h a t  the  6AR-4V 
t i t an ium has a strength-to-weight r a t i o  some 30% h ighe r  than  t h a t  
f o r  2219-T87 aluminum; the re fo re  6Ak-4V t i t an ium i s  the  p r e f e r r e d  
material f o r  t he  Mission A2 and B tankage. 

2 .  Composite T a n k  Material 

Continuous f ibe r - r e in fo rced  composites f a b r i c a t e d  by f i l amen t  
winding o f f e r  a t t rac t ive  f e a t u r e s  f o r  p re s su re  vessel app l i ca t ion .  
The s t rength- to-dens i ty  p r o p e r t i e s  of t y p i c a l  f i b e r s  are high,  
and t h e  f i lament  winding technique permits  o r i e n t i n g  t h e  f i b e r s  
exac t ly  as needed t o  resist imposed stress. P res su re  vessels 
tend t o  experience a well-determined stress s ta te  because t h e  
normal ope ra t ing  loads  are due p r imar i ly  t o  i n t e r n a l  p re s su re ,  
Consequently, one set  of f i b e r  o r i e n t a t i o n s  could be chosen and 
need n o t  be per turbed  due t o  unexpected i n t e r n a l  load changes. 

However, t h e r e  are t i m e s  when p r o p e l l a n t  vessels, because of 
vacuum loading  techniques o r  tank suppor t  requirements ,  have 
s i g n i f i c a n t  e x t e r n a l  loads  appl ied .  
ing' '> i t  would be necessary t o  i n s e r t  l ugs ,  bosses  o r  pads t o  
d i s t r i b u t e  t h e s e  loads  i n t o  the  tank.  When the  support  f i t t i n g s  
cannot be  loca ted  on tile tank p o l a r  a x i s ,  t h e  s t r e n g t h  of t h e  
suppor ts  added t o  a composite tank i s  lower than  the  s t r e n g t h  of 
similar suppor ts  added t o  an  all-metal tank. 

I n  t h e  case of ''vacuum load- 
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METAL 

6Aa-4V T i  

2024-T3 AQ 

6061-T6 AQ 

2014-T6 A t  

2219-T87 AQ 

1100-0 A i  

301 Cry0 SS 

304L SS 

321 SS 

347 ss 
316 SS 

A - Good 

dELDA- 
BILITY 

A 

C 

A 

C 

A 

A 

C 

A 

A 

A 

A 

Table V-3 Metal. Proper ty  Summary 

P R( - 
B2H6 - 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A - 
( a )  - impact sensitivity 

ULTIMATE 
iTRENGTH/ WT 

1.03 

0.66 

0.45 

0.66 

0.66 

0.13 

0.73 

0.27 

0.31 

0.31 

0.27 

0.16 

0.10 

0.10 

0.10 

0.10 

0.10 

0.29 

0.29 

0.29 

0.29 

0.29 

OPERATING 
STRESS (1) 

( p s i )  

75,000 

30,000 

20,000 

30 000 

30 , 000 

6 000 

95 000 

35 000 

41 , 000 

41,000 

35 000 

B - Acceptable 

C - Undesirable 

(1) Operat ing stress = u1 t i m a t e  s t r e s s / s a f e t y  f a c t o r  ( 2 . 2 )  

( b )  - Adduct formation 

( c )  - P r o p e l l a n t  decomposition 
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The p r i n c i p a l  d i f f i c u l t y  t h a t  has prevented success  i n  the  
a p p l i c a t i o n  of filament-wound composites t o  p re s su re  v e s s e l s  has  
been t h e  l a c k  of a r e l i a b l e  l i n e r  system f o r  gas o r  l i q u i d  con- 
tainment.  
t y p i c a l  r e s i n  systems used as the  ma t r ix  f o r  ho ld ing  t h e  f i b e r s  
i n  place and t h e  p o s s i b l e  chemical a t t a c k  on the  r e s i n  by t h e  
gas o r  l i q u i d .  I n  add i t ion ,  t h e  ma t r ix  may experience severe  
cracking at the  s t r a i n  l e v e l s  necessary t o  develop t h e  s t r e n g t h  
of t he  f i b e r s  

A l i n e r  i s  requi red  because of both t h e  po ros i ty  of 

Elastomeric  l i n e r s  (e.g., neoprene) can be used where t ran-  
s i e n t  p r e s s u r i z a t i o n s  are requi red  and where permeation i s  n o t  a 
problem. Where long t e r m  p r e s s u r i z a t i o n  and/or  zero leakage are 
requi red ,  as i n  most aerospace a p p l i c a t i o n s  t h a t  u t i l i z e  corro- 
sive o r  t o x i c  l i q u i d s  o r  gases ,  a metal l i n e r  must be used. 

The p r i n c i p a l  problem wi th  the  m e t a l  l i n e r  i s  s t r a i n  compat- 
i b i l i t y .  To develop i t s  f u l l  c a p a b i l i t y ,  i t  i s  necessary  t o  
s t r a i n  t h e  g l a s s  f i l amen t  t o  approximately 2.5%. The ope ra t ing  
s t r a i n  i s  about 1.15% i f  a 2.2 s a f e t y  f a c t o r  i s  requi red .  While 
t h i s  s t r a i n  i s  m e t  e a s i l y  by e l a s tomer i c  l i n e r s ,  t h e r e  i s  no me- 
t a l l i c  material t h a t  can remain e las t ic  under t h i s  deformation, 
a necessary requirement t o  prevent  l i n e r  buckl ing o r  f a t i g u e  
f a i l u r e .  When an overwrap is used w i t h  a m e t a l  l i n e r ,  t h e  operat-  
i n g  s t r a i n  should be w i t h i n  t h e  e las t ic  s t r a i n  l i m i t  of t he  m e t a l .  
A s  an example, f o r  aluminum and s t a i n l e s s  steel ,  s a f e t y  f a c t o r  
of 2.2, t h e  ope ra t ing  s t r a i n  i s  about 0.3% (Table V-4) .  For a 
F ibe rg la s  overwrap, t h i s  s t r a i n  l i m i t a t i o n  al lows only a s m a l l  
f r a c t i o n  of t h e  g l a s s  c a p a b i l i t y  t o  be used; however, w i t h  a car- 
bon overwrap, a s t r a i n  of 0.3% w i l l  a l low most of t he  wrap capa- 
b i l i t y  t o  be used, because carbon has  a modulus approximately 
th ree  t i m e s  t h a t  of g l a s s  and correspondingly about t h r e e  t i m e s  
t he  stress of g l a s s  a t  equal  s t r a i n s .  Boron, l i k e  carbon, a l s o  
has a h igh  modulus and shows an advantage over  g l a s s  when wrapped 
over  m e t a l  l i n e r s .  

When t i t an ium i s  considered f o r  t h e  l i ne r  material, t h e  
ope ra t ing  s t r a i n  is  a c t u a l l y  h ighe r  than  e i t h e r  t h e  aluminum o r  
s t a i n l e s s  s teel  previous ly  d iscussed  (Table V - 4 )  e It a l s o  over- 
comes t h e  permeation and compa t ib i l i t y  problems a s soc ia t ed  w i t h  
an e l a s tomer i c  l i n e r ,  Howeverp a t i t an ium a l l o y  such as 6AR-4V 
has such a h igh  strength-to-weight r a t i o  (Table V-3) t h a t  an a l l -  
m e t a l  t ank  is  very competi t ive w i t h  a composite tank  of t h e  same 
volume (and design p res su re )  from a weight s t andpo in t  a lone ,  
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Table V-4 Metal and CoKposite Tank Material Parameters ( 1 3  2) 

MATER1 AL 

2219-T87 A1 umi num 

T i  tani um 6Ak-4V 

Stainless Steel  
(301 cryoformed) 

Ca r bo n/e po xy 

Boron/ e p 0 xy 

OPE RAT IN G 
STRESS 

(Psi 1 
30 &id0 

75,000 

95,000 

60, 000(3) 

40 00d4)  

90, 

( 4 )  60 000 

OPE RAT IN G 
STRAIN 

(a 
0.30 

0.47 

0.32 

0.3 

0.3 

0. 3 

0.3 

MODULUS 
(106 psi) 

10 

16 

30 

28 

13.3 

30 

20 

DENS1 TY 
( 1 b / i  n e 3 ,  

0,lO 

0.16 

0.29 

0.055 

0.055 

0.070 

0.070 

Note: Operating s t r e s s  = ultimate s t ress / safe ty  f a c t o r  ( 2 . 2 )  
Modulus = s t r e s s / s t r a i n  

( 1 )  Assumed: 0,020 i n .  th ick aluminum l i n e r  ' Q . O 1 O  i n .  th ick titanium l i n e r  

(2 )  Safety f a c t o r  o f  2.2 
( 3 )  Unidirectional composi t e  properties 
( 4 )  Balanced bidirect ional  composite propert ies  i n  hoop direc- 

t ion  of cylinder 

When cons ide r ing  metallic l i n e r  materials f o r  an a p p l i c a t i o n  
such as p resen ted  by Mission A I  wi th  t h e  mild cryogenic  propel- 
l a n t s ,  t h e  re la t ive d i f f e r e n c e s  i n  the  c o e f f i c i e n t s  of thermal  
expansion can become s i g n i f i c a n t .  I n  p a r t i c u l a r ,  when aluminum 
( o r  any m a t e r i a l )  w i t h  a h igh  c o e f f i c i e n t  i s  overwrapped wi th  
carbon/epoxy w i t h  a low c o e f f i c i e n t  and t h e  r e s u l t i n g  composite 
must o p e r a t e  ove r  a wide temperature  range,  t h e  p h y s i c a l  separa-  
t i o n  of t h e  two can become unacceptable .  

v-13 
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While the  s i g n i f i c a n c e  of c o s t  may vary g r e a t l y  depending on 
usage, i t  should be noted t h a t  t h e  high-strength f i l amen t s  under 
cons idera t ion  are a l s o  high-cost materials. A t  the  p r e s e n t  t i m e ,  
both the  carbon and boron f i laments  c o s t  between 350 and 400 dol- 
l a rs  p e r  pound. Another f a c t o r  t o  be considered i n  eva lua t ing  
the relative m e r i t s  of t h e  composite versus  an all-metal tank 
should be t h e  comparison of t h e  c o s t  of t h e  m e t a l  l i n e r  t o  t h a t  
of a metal tank. Assuming t h a t  each i s  made of t h e  same material, 
i t  is  p o s s i b l e ,  i n  c e r t a i n  cases, t h a t  t h e  c o s t  of t h e  a d d i t i o n a l  
mass of material i n  t h e  m e t a l  t ank  would be more than  o f f s e t  by 
the  more c o s t l y  f a b r i c a t i o n  requirements on t h e  t h i n  l i n e r  s h e l l  
due t o  i t s  d e l i c a t e  na tu re .  

C. PROPELLANT TANK DESIGN AND WEIGHT ANALYSIS 

1. Metal Tanks 

The fol lowing equat ions  w e r e  used t o  c a l c u l a t e  tank  weights  
f o r  t he  s p h e r i c a l  and t h e  c y l i n d r i c a l  w i t h  hemispherical  dome 
tanks.  An a d d i t i o n a l  10% w a s  added t o  the  c a l c u l a t e d  weights  t o  
account f o r  welds and at tachments .  

- Tank Volumes 

-3 Vs = 4 / 3  I-rr 

v = .rrr2t 
C 

V = 2/3vr3(3  L/D - 1 )  cs 

Wall Thickness 
DW 

P r  
c s  x = -  

Tank Weight (Thin Wall) 

w =  c s  
_ -  

Ev-4 1 

[v-5 1 
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For conospheroid tanks ,  t h e  f o l l o w i n g  e q u a t i o n s  were employed 
t o  c a l c u l a t e  metal tank  weights .  Again, 10% was added t o  account  
f o r  welds  and a t tachments .  

Tank Volume 

V = 2  [; - H  ( m  r 2 + r  d r m + r 2  d €v-9 1 

For 4 = 10 deg: 
2 

V = 7.737021 rm2 (i) - - 2.74828 r: - 1.364267 rm($) 

3 + 0.080188 (i) 
H = 1.17364 ($) - 0.984914 rm 

b = 0.984814 rm - 0.173644 (t) 
r = 1.17364 rm - 0.20695 (i) d 

Wall Thickness  ( t h i n  membrane) 

P r  
C x =  ( c o n i c a l  s e c t i o n ,  r > rc r d )  s cos 4 m -  

P r  
( s p h e r i c a l  end domes) 2s cos ($ 

x =  

[v-101 

[v-111 

Tank Weight 

2p 
2 + r r + rd2)  ] ] d m 

+ [ s cos  ($ ] [rd3 + rdb2]  
.rrp 

[V-12] 
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D = 2 r ,  

L = H + b  2 

Figure V-17 Definition of Geometric Terms for 
Conospheroid 

bonded r o l l i n g  diaphragm tank 

Geometric symbols used i n  
these  equat ions  are def ined  i n  
Figure V-17. A l l  o t h e r  symbols 
are def ined  i n  the  l i s t  of sym- 
bo l s  

The b a s e l i n e  tank  dimensions 
given i n  Table V-1  and t h e  ma- 
t e r ia l  p r o p e r t i e s  presented  i n  
Table V-4 were employed i n  cal- 
c u l a t i n g  m a s s  of t h e  metal pro- 
p e l l a n t  tanks.  Mass of spec ia l -  
l y  shaped tanks t o  accommodate 
s p e c i f i c  p rope l l a n  t a c q u i s i t i o n  
devices  w a s  a l s o  determined. 
Volume of t h e  s p e c i a l  tanks w a s  
the  same as t h e  b a s e l i n e  tank 
volume wi th  the  except ion  of t he  

as discussed i n  Chapter 111, Sec- 
t i o n  C. The design ope ra t ing  p res su re  f o r  a l l  tanks w a s  350 p s i a .  

Resul t s  of t h e  p rope l l an t  tank m a s s  c a l c u l a t i o n s  are presented  
i n  Table V-5. The b a s e l i n e  c y l i n d r i c a l  tank hemispherical  domes 
are h a l f  as th i ck  as t h e  ba r re l - sec t ion  and are tapered  t o  match 
the  b a r r e l .  The conospherical  tanks conta in  a vary ing  th ickness  
cone and domes h a l f  as t h i c k  as the  minimum cone th ickness .  
With one dome reversed ,  t he  bellows c y l i n d r i c a l  tank employs end 
domes as t h i c k  as t h e  b a r r e l  s e c t i o n .  Two-to-one e l l i p t i c a l  
domes having t h e  s a m e  th ickness  as t h e  b a r r e l  s e c t i o n  w e r e  used 
f o r  t h e  Telephragm and bonded r o l l i n g  diaphragm c y l i n d r i c a l  tanks.  
An a d d i t i o n a l  p r o p e l l a n t  o u t l e t  p o r t  w a s  added t o  t h e  Mission A 1  
and A2 b a s e l i n e  spheres  t o  accommodate t h e  convoluted s p h e r i c a l  
diaphragm system (previously d iscussed  i n  Chapter 111, Sect ion  
C)'. Figures  presented  f o r  t h e  s p e c i a l  tanks a l s o  inc lude  acqui- 
s i t i o n  device attachment m a s s .  A s  noted i n  Table V-5, a l l  of 
the  o t h e r  p rope l l an t  a c q u i s i t i o n  concepts considered can be used 
wi th  e i t h e r  t h e  b a s e l i n e  s p h e r i c a l  tanks o r  t h e  b a s e l i n e  cyl in-  
d r i c a l  tanks.  Most of t h e s e  can be used wi th  both b a s e l i n e  ge- 
ometr ies  e 
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With some of t h e  candida te  p r o p e l l a n t  a c q u i s i t i p n  devices ,  
i t  may be d e s i r a b l e  t o  use vacuum loading  techniques f o r  f i l l i n g  
the  p r o p e l l a n t  tanks.  The a b i l i t y  of  t he  s p h e r i c a l  b a s e l i n e  tanks 
t o  wi ths tand  vacuum loading  wi thout  buckl ing  w a s  eva lua ted  by 
means of t h e o r e t i c a l  equat ions  taken from Ref V-1 and modified 
by an empi r i ca l  c o r r e c t i o n  f a c t o r .  The c o r r e c t i o n  f a c t o r  w a s  de- 
veloped by Mart in  Marietta from inoustry-wide test r e s u l t s  (Ref 
V-2) f o r  d i f f e r e n t  s p h e r i c a l  p re s su re  vessels of varying r ad ius  
t o  w a l l  th ickness  r a t i o s ,  R / t .  The c o r r e c t i o n  
i n  Figure V-18. The modified equat ion  f o r  t h e  
stress i n  a s p h e r i c a l  t ank  i s  given as 

f a c t o r  is p l o t t e d  
c r i t i c a l  buckl ing 

= 

The c r i t i ca l  buckl ing p res su re  d i f f e r e n t i a l  i s  

cr  2x s 
= 

c r  r 

given as: 

[v-141 

Combining Equations [V-13] and [V-14]  and e l imina t ing  the  w a l l  
th ickness  by means of t h e  hoop stress formula f o r  a sphere  l eads  
eo t h e  fol lowing equat ion  f o r  c r i t i c a l  buckl ing 
e n t i a l .  

Em 'b2 APcr =: C 
2s 

U 

p re s su re  d i f f e r -  

[ V-15 ] 

Equation [V-151 i n d i c a t e s  t h a t  t h e  c r i t i c a l  buckl ing p res su re  
d i f f e r e n t i a l  i s  dependent upon the  material p r o p e r t i e s  and inde- 
pendent of sphere  s i z e  s i n c e  t h e  c o r r e c t i o n  f a c t o r ,  C ,  is  a func- 
t i o n  of r / x .  

The r e s u l t s  of applying Equation [V-153 t o  b a s e l i n e  tanks 
made of t i t an ium,  aluminum, and 301 cryoformed s t a i n l e s s  steel  
are presented  i n  Table V-6. The tanks were designed f o r  a b u r s t  
p re s su re  of  770 p s i a  (2.2 t i m e s  t h e  normal working p res su re  of 
350 p s i a ) .  To o b t a i n  t h e  C-factor,  t h e  curve shown i n  F igure  
V-18  f o r  a 99% p r o b a b i l i t y  of nonbuckling w a s  used. 
of t h e  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e r e  i s  no buckling problem 
f o r  t h e  b a s e l i n e  spheres ,  The margin of s a f e t y  f o r  aluminum 
tanks is  over  an o r d e r  of magnitude h ighe r  than t h a t  f o r  t h e  ti- 
tanium o r  s t a i n l e s s  steel  tanks ,  however. 

The r e s u l t s  
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Table V-6 C r i t i c a l  Buckling Pressure Different ia l  f o r  Baseline 
Spherical Tanks 

MATE RI AL 

6Aa-4V T i  tani  utn 
2219 A1 umi  num 
301 Cryoformed 
Stainless  Steel 

POISSON'S 
RATIO 

0.30 
0.33 

0.3 

TANK RADIUS TO 
THICKNESS RATIO 

428.57 
171.43 

545.45 

1.0 

CRITICAL 
CORRECTION BUCKLING PRESSURE 
FACTOR, C DIFFERIENTAL 

0.22 
0.47 

23.19 
209.43 

20.5 I 0.168 

I I I I I I l l  
1( 

Radius-to-Wall Thickness Ratio,  r / x  
0 

Figure V-18 S t a t i s t i c a l  Factor f o r  the Design of Spherical Shells t o  
Prevent Buckling i n  Compression 
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2. Composite Tanks 

An eva lua t ion  w a s  made on the  use of composite tanks f o r  the  
th ree  re ference  missions.  The primary ob jec t ive  was t o  determine 
i f  composite tankage o f fe red  a s i g n i f i c a n t  weight savings i n  com- 
par i son  t o  an all-metal tank system. 
w a s  considered f o r  both the  350-psia p r o p e l l a n t  tanks ( a l l  missions)  
and the  4000-psia p re s su ran t  s to rage  con ta ine r  (Missions A1 and 
A2 only) .  This  eva lua t ion  i s  discussed i n  the  fol lowing paragraphs.  

U s e  of the  composite tanks 

Providing tank attachments i s  more d i f f i c u l t  f o r  composite 
tanks than f o r  m e t a l  tanks.  Spec ia l  a t t e n t i o n  i s  requi red  i n  
wrapping t h e  composite s t r u c t u r e  a t  t h e s e  p o i n t s  where a d d i t i o n a l  
wrapping th ickness  i s  requi red .  The n e t  r e s u l t  i s  a h igher  at- 
tachment weight f o r  composite tanks than  i s  requi red  f o r  all' 
m e t a l  tanks.  This  problem w a s  n o t  considered i n  d e t a i l .  I n s t ead ,  
a comparison w a s  made based on the  tank s h e l l  only; t he  tank mass 
w a s  determined by membrane s t r e n g t h  requirements ,  

The fol lowing equat ions ,  toge ther  wi th  Eq [V-6] and [V-71, 
were used t o  c a l c u l a t e  composite tank weights :  

Wcl = 27trRxp [V-16] 

[V-17] 

Equation [V-171 desc r ibes  t h e  weight of an ob la t e  spheroid s h e l l .  

The p r o p e r t i e s  used f o r  the determinat ion of carbon/epoxy 
tank weights  assume p resen t ly  a v a i l a b l e  material p r o p e r t i e s  (Ta- 
b l e  V-4). It is  expected t h a t  t hese  p r o p e r t i e s  w i l l  be  improved 
s i g n i f i c a n t l y  wi th in  the  next  f ive  yea r s .  The weight of boron/ 
epoxy tanks,  though no t  ca l cu la t ed ,  would be comparable t o  those  
f o r  the carbon epoxy. Boron/epoxy tanks are s l i g h t l y  s t ronge r  
than carbon/epoxy tanks ,  bu t  the  h igher  dens i ty  of boron/epoxy 
tends t o  o f f s e t  t h i s  s t r e n g t h  advantage. Carbon tends t o  be 
more a t t r a c t i v e  than boron s i n c e  no s i g n i f i c a n t  i n c r e a s e  i n  boron/ 
epoxy p r o p e r t i e s  i s  foreseen.  

Calculated m a s s  of t h e  var ious  composite tanks considered i s  
presented i n  Table V-7. Masses are shown f o r  Viking-sized tanks 
i n  add i t ion  t o  those  f o r  t h e  mission p r o p e l l a n t  tanks and f o r  t he  
Mission A2 p re s su ran t  s to rage  tank. The metal tank weights l i s t e d  
do no t  inc lude  a 10% add i t ion  f o r  welds and attachments.  
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Comparison of t h e s e  r e s u l t s  i n d i c a t e s  t h a t  t h e r e  i s  very lit- 
t l e  weight  advantage i n  using a composite tank when condi t ions  
d i c t a t e  a m e t a l  l i n e r  be used f o r  reasons of compa t ib i l i t y  o r  
permeabi l i ty .  I n  f a c t ,  i t  i n d i c a t e s  t h a t  when a metal wi th  a 
high s t rength- to-weight  r a t i o  i s  considered,  an all-metal spher- 
i c a l  tank  can show a s l i g h t  weight advantage over  a composite 
(Mission A2). 
only when (1) shapes of lower e f f i c i e n c y  ( cy l inde r s  o r  sphero ids)  
are r equ i r ed  due t o  packaging cons ide ra t ions ,  (2) metals wi th  
lower s t rength- to-weight  r a t i o s  are requ i r ed  because of compati- 
b i l i t y ,  o r  (3)  when t h e  pressure-volume f a c t o r  becames l a r g e  
enough t o  t ake  advantage of t h e  l a r g e  q u a n t i t y  of low dens i ty  
composite material requi red .  Therefore ,  i t  appears  t h a t  no gen- 
eral  s ta tement  can be made s t a t i n g  composite tanks  are s u p e r i o r  
(or  i n f e r i o r )  t o  m e t a l  tanks.  Only when cons idera t ion  is  given 
t o  s p e c i f i c  requirements  (e. g. ,  s i z e ,  p re s su re ,  compa t ib i l i t y ,  
and environment) and t h e  emphasis t o  be p laced  on weight ,  c o s t  
and r e l i a b i l i t y  is  e s t a b l i s h e d ,  can a comparative eva lua t ion  be 
made 

This  advantage s h i f t s  i n  f avor  of t h e  composite 
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VI. EVALUATION AidD S Y S T E M  S E L E C T I O N  

VI-1 

The information presented  i n  Chapters I11 through V of t h i s  
r e p o r t  w a s  employed i n  eva lua t ing  the  t h r e e  propuls ion  subsystems 
considered i n  t h i s  i n v e s t i g a t i o n .  These subsystems were t h e  pro- 
p e l l a n t  tankage, p rope l l an t  a c q u i s i t i o n ,  and p r e s s u r i z a t i o n  systems 
t h a t  comprise t h e  propuls ion  system of i n t e r e s t .  I n  eva lua t ing  t h e  
var ious  opt ions  and poss ib l e  approaches a v a i l a b l e  f o r  each subsys- 
t e m ,  t h e  primary goa l  was t o  select  t h e  s p e c i f i c  propuls ion system 
t h a t  o f f e red  t h e  h ighes t  r e l i a b i l i t y  and lowest mass f o r  each of 
t h e  re ference  missions.  Minimum cos t  and schedule  t i m e  w e r e  a l s o  
cons idera t ions  as were packaging and o v e r a l l  spacec ra f t  compati- 
b i l i t y  e 

I n  s e l e c t i n g  t h e  p re fe r r ed  p rope l l an t  tank and p r e s s u r i z a t i o n  
subsystems, t h e  e f f e c t  of p e r t i n e n t  subsystem opera t ing  parameters ,  
impact on t h e  propuls ion system envelope, and i n t e r a c t i o n  with o t h e r  
subsystems w e r e  evaluated.  The combination of hardware and operat-  
i n g  condi t ions  o f f e r i n g  t h e  most advantages i n  t e r m s  of mass, re- 
l i a b i l i t y ,  cos t  and schedule  w a s  then s e l e c t e d  as t h e  p re fe r r ed  
system. This  process  was followed f o r  each of t h e  th ree  r e fe rence  
missions.  

Se lec t ion  of a p re fe r r ed  p rope l l an t  a c q u i s i t i o n  concept i s  
no t  q u i t e  as s t r a igh t fo rward  a process .  Each candidate  concept 
possesses  c e r t a i n  advantages and disadvantages.  These vary from 
device t o  device and some are unique t o  one device only.  I n  ad- 
d i t i o n ,  some of t h e  candidate  concepts w e r e  developed f o r  s p e c i f i c  
app l i ca t ions  and are not  as r e a d i l y  adapted t o  spacec ra f t  as o the r s .  
M e t a l l i c  diaphragms are an example of t h i s  l a t t e r  case. On the  
o t h e r  hand, a c q u i s i t i o n  concepts such as s e t t l i n g  rocke ts  o r  sur-  
f a c e  tens ion  systems can be adapted t o  a wide v a r i e t y  of appl i -  
ca t ions .  Thus, s e l e c t i o n  of a c q u i s i t i o n  devices  i s  dependent more 
on mission and veh ic l e  than  are t h e  o t h e r  subsystems. Because of 
t h e  above cons idera t ions ,  a r a t i n g  system approach w a s  employed 
t o  assess t h e  r e l a t i v e  merits of t he  d i f f e r e n t  candidates  and 
select  the  p re fe r r ed  concept f o r  each r e fe rence  mission. 

The approach employed i n  eva lua t ing  each of t he  propuls ion  
subsystems and the  r e s u l t s  obtained are presented  i n  t h i s  chapter .  
The eva lua t ion  i s  discussed by subsystem, and the  propuls ion sys- 
t e m s  s e l e c t e d  f o r  each of the  t h r e e  missions under cons idera t ion  
are presented  i n  the  f i n a l  s ec t ion .  
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A .  P R O P E L L A N T  T A N K  S U B S Y S T E M  

Number of tanks ,  s i z e  and geometry, and 'ma te r i a l s  of construc- 
t i o n  were evaluated i n  the  s e l e c t i o n  of t he  p r e f e r r e d  p rope l l an t  
tank subsystem. The information presented  i n  Chapter V w a s  em- 
ployed i n  t h i s  eva lua t ion .  
p re fe r r ed  system i s  presented  i n  F igure  V I - 1 .  

The approach used i n  s e l e c t i n g  the  

PROPELLANT 
COMPATIBILITY RELIABILITY 

CONFIGURATION BASELINE SYSTEM 

Figure VI-1 Propellant Tank Subsystem Evaluation 

1. N u m b e r  o f  Tanks 

Two-tank and four-tank conf igura t ions  were eva lua ted  t o  de t e r -  
mine which arrangement o f f e red  the  most advantages f o r  Missions 
A 1  and A2.  
tank monopropellant system. 
t h a t  t h e  number of tanks had on t h e  propuls ion  system envelope 
and packaging, on o t h e r  subsystems, and on spacec ra f t  mass, re- 
l i a b i l i t y  , cos t and schedule  . 

This w a s  no t  a cons idera t ion  f o r  t he  Mission B s i n g l e  
An assessment w a s  made of t h e  impact 

a. Envelope - A l l  b a s e l i n e  tanks f i t  w i th in  t h e  re ference  en- 
velope f o r  a l l  t h r e e  missions.  A s  shown i n  Table V-2, t h i s  i s  
t r u e  f o r  both the  two-tank and four-tank conf igura t ions  us ing  
e i t h e r  spheres  o r  cy l inde r s .  I n  cons ider ing  growth p o t e n t i a l ,  
two s p h e r i c a l  tanks are l i m i t e d  t o  about a 36% i nc rease  i n  volume 
i n  a p r a c t i c a l  side-by-side packaging arrangement. Four spheres  
and e i t h e r  two o r  f o u r  cy l inde r s  can m e e t  a 50% volume inc rease ,  
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and two or four c y l i n d r i c a l  tanks can m e e t  a 126% growth - ~ - require- 
ment (equivalent t o  Viking Orb i t e r ) ,  A two- o r  four-tank __ design - 
using base l ine  tanks i n  the  Viking Orbi te r  reference envelope 
presents  no spacec ra f t  separa t ion  clearance problems e 
can be made -.- i n  the  packaging arrangement t o  provide e s s e n t i a l l y  
the s a m e  clearance --- f o r  e i t h e r  design. 
a f f e c t s  the spacecraf t  t o  launch vehic le  adapter r i n g  o r  b a s i c  
support s t ruc tu re .  

Adjustments 

Thus, n e i t h e r  configuration 

Referring t o  Table V-2, i t  is  seen t h a t  the  propel lan t  and 
pressurant tank package volume and package-to-envelope volume r a t i o  
are lower f o r  the two-tank design. Between 10 and 20 f t 3  of addi- 
t i o n a l  usable volume are ava i l ab le  with the  two-tank design. This 
space could be used f o r  packaging add i t iona l  e l ec t ron ic s  o r  o ther  
equipment i n s i d e  the  reference envelope. Thus, packaging advan- 
tages are provided by a two-tank design. 

b. Impact on Other Subsystems - The tank package sur face  
area i s  13 t o  16 ft’ lower f o r  a two-tank design than f o r  a four- 
tank system, as shown i n  Table V-2. With a smaller package sur face  
area, t h e  i n s u l a t i o n  system f o r  two tanks should be l i g h t e r  and 
probably more r e l i a b l e .  Encapsulation, i f  required,  should be 
l i g h t e r  and easier t o  accomplish. If shadow sh ie lds  are used, 
there  should be less area and lower m a s s  required with a two-tank 
design, Table V-2 a l s o  shows t h a t  the two-tank design o f fe r s  
meteoroid pene t ra t ion  advantages because of i t s  smaller projected 
sur face  area. This area i s  the  tank package area projected toward 
the  a f t  end of the  spacecraf t ,  

Additional b e n e f i t s  are provided by a two-tank system i n  
the  areas of pressurant  leakage, propel lan t  usage, and l i n e s  and 
valves. I n  comparison t o  a four-tank system, two tanks have lower 
sur face  area, fewer weld j o i n t s ,  and fewer attachments and pene- 
t r a t i o n s ,  a l l  of which tend toward lower leakage. A p o t e n t i a l  
p rope l lan t  usage advantage is ava i l ab le  with two tanks because a 
balanced outflow between two oxid izer  tanks and betsween two f u e l  
tanks, required i n  a four-tank, parallel-outflow design, is  n o t  
necessary. Also, fewer l i n e s  and valves are needed f o r  both pres- 
su r i za t ion  and propel lan t  outflow with a two-tank design, 

From a guidance and a t t i t u d e  cont ro l  system standpoint,  
l i t t l e  d i f fe rence  i n  s lo sh  and dynamic loading should occur between 
a two- and a four-tank system. A s l i g h t ,  p red ic t ab le  center  of 
g rav i ty  s h i f t  i n  t h e  lateral  d i r e c t i o n  w i l l  occur with a two-tank 
system during propel lan t  outflow; an a x i a l  cg s h i f t  w i l l  occur 

w i t h  both designs. 
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The two-tank des ign  should r e s u l t  i n  a s l i g h t l y  lower pres-  
s u r i z a t i o n  subsystem m a s s  s i n c e  p re s su ran t  usage, p r o p e l l a n t  t e m -  
p e r a t u r e ,  and gas r e s i d u a l s  should be lower because of t h e  smaller 
p r o p e l l a n t  tank  and g a s / l i q u i d  i n t e r f a c e  area adjacent  t o  t h e  ul-  
l age .  The four-tank system r e q u i r e s  t w i c e  as many p r o p e l l a n t  ac- 
q u i s i t i o n  devices  as a two-tank design (with t h e  except ion  of t h e  
s e t t l i n g  rocke t  system),  producing an i n c r e a s e  i n  a c q u i s i t i o n  de- 
v i c e  mass and an a t t endan t  decrease i n  r e l i a b i l i t y .  

From these  cons ide ra t ions ,  i t  is  seen  t h a t  t he  two-tank 
design has  less of an  impact on o t h e r  s p a c e c r a f t  subsystems than  
a four-tank system.. 
thermal c o n t r o l ,  meteoroid pene t r a t ion ,  p re s su ran t  leakage,  pro- 
p e l l a n t  usage, l i nes  and valves, p r e s s u r i z a t i o n  subsystem mass, 
and p r o p e l l a n t  a c q u i s i t i o n .  

With two t anks ,  advantages are gained i n  

c. Mass, R e l i a b i l i t y ,  Cost and Schedule - A s  shown by the  
tank  d a t a  i n  Table V-5 and by the  a c q u i s i t i o n  subsystems m a s s  
d a t a  presented  i n  Chapter 111, the  tank and expuls ion  device masses 
are lower f o r  the two-tank design.  The inc reased  thermal c o n t r o l  
and meteoroid p e n e t r a t i o n  mass impl i ca t ions ,  and t h e  g r e a t e r  pres-  
s u r i z a t i o n  subsystem and l i n e  and valve m a s s  f o r  t h e  four-tank 
design,  r e s u l t  i n  an even g r e a t e r  d i f f e r e n c e  i n  m a s s ,  Two tanks 
are a l s o  p r e f e r a b l e  i n  regard t o  r e l i a b i l i t y .  The two-tank design 
has  fewer tanks  and welds t o  f a i l ,  lower leakage p o t e n t i a l ,  less 
va lv ing  and l i n e  j o i n t s  t o  f a i l ,  fewer a c q u i s i t i o n  devices  t o  f a i l ,  
a lower p ro jec t ed  meteoroid impact area, and a p o t e n t i a l l y  more 
r e l i a b l e  thermal c o n t r o l  system. I n  cons ider ing  schedule ,  the 
two-tank system has  less welding and fewer a t t a c h  p o i n t s  and pene- 
t r a t i o n s  t o  f a b r i c a t e .  Also, t h e  i n s p e c t i o n ,  c leaning ,  l i n e  at- 
tachment, and component test e f f o r t  i s  less f o r  two tanks,  There- 
fo re ,  f a b r i c a t i o n  and assembly t i m e  should be less f o r  a two-tank 
design. The lower schedule  t i m e  t oge the r  w i t h  fewer components 
translates i n t o  lower tank,  a c q u i s i t i o n  device,  l i n e  and valve, 
and assembly and tes t  c o s t s  f o r  two p r o p e l l a n t  tanks i n  comparison 
t o  a four-tank design. This assessment shows t h a t  the two-tank 
conf igura t ion  i s  l i g h t e r ,  more r e l i a b l e ,  less c o s t l y ,  and can be  
f a b r i c a t e d  and assembled i n  a s h o r t e r  t i m e  than a four-tank system, 
A Comparison of t he  p e r t i n e n t  i t e m s  f o r  Mission A2 i s  presented  i n  
Table V I - 1 ,  Resu l t s  of t h e  eva lua t ion  a l s o  apply t o  Mission A I .  
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Table VI-1 Two versus Four Propellant Tanks3 Mission A, 

Tank  MassS lbmW 

Package Volume, f t 3  
Volume Ratio 

Package/Envelope 
Tank/Package 

Package Surface Area, f t 2  
Tank Surface Area3 f t 2  
Meteroid Impact Surface Area, f t2  
Leakage 
System Hardware Requirements 
(propel ]ant acquisi t i  on,  1 i nes I) 

valves) 
Propellant Acquisition Subsystem Mass 
Pressurization Subsystem Mass 
Re 1 i ab i 1 i ty 
Schedule Time & Costs 

* 
6Aa-4V Ti tani um 

.SPHERES 
2 TAHKS 
48.0 

60 

0.30 

0.47 

87 
63 

20.3 

Lowest 
Lower 

Lower 
Lowest 
Highest 
Lowest 

4 TANKS 
48.0 

80 

0.40 

0.35 

109 
76 

25.6 

High 
Higher 

Higher 
High  
Low 
High 

CYLINDERS 
2 TANKS 
54.4 

60 

0.30 

0.47 

90 
65 

17.3 

Low 
Lower 

Lower 
Low 
High 
Low 

4 TANKS 
56.9 

69 

"035 

0.41 

100 
81 

22.0 

Highest 
Higher 

Higher 
Highest 
Lowest 
Highest 

2. Size and Geometry 

Base l ine  tanks f o r  t h i s  i n v e s t i g a t i o n  were spheres  and cy l inde r s  
w i t h  hemispherical  domes. Spec ia l  tanks requi red  by some of t h e  
p r o p e l l a n t  a c q u i s i t i o n  concepts w e r e  a l s o  considered.  
c i a l  shapes included conospheroids f o r  one ve r s ion  of r ing-rein-  
forced  metal diaphragms, cy l inde r s  wi th  e l l i p t i c a l  domes f o r  bonded 
r o l l i n g  metal diaphragms, and cy l inde r s  wi th  one of t he  hemispher- 
i c a l  domes inve r t ed  t o  provide t h e  b e s t  volumetr ic  e f f i c i e n c y  ar- 
rangement f o r  a metal bellows a c q u i s i t i o n  device.  Se lec t ion  of 
a s p e c i a l l y  shaped tank would have been given se r ious  considera- 
t i o n  only i f  mission o r  o p e r a t i o n a l  advantages could be provided. 
While t h e  s p e c i a l  tanks could be accommodated wi th in  the  r e fe rence  
envelope, they presented  a l a r g e r  packaging requirement and mass 
than t h e  b a s e l i n e  tanks ,  as shown i n  Tables V-2 and V-5. A l so ,  as 

These spe-  
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d iscussed i n  the  next  s e c t i o n  of t h i s  chapter ,  no p r o p e l l a n t  ac- 
q u i s i t i o n  advantage was provided by t h e  special  tanks.  
reasons,  primary cons ide ra t ion  i s  given t o  t h e  two b a s e l i n e  tank 
geometries i n  t h i s  d i scuss ion .  
c y l i n d r i c a l  tanks were presented  earlier i n  Table V-1. 
of eva lua t ion  is  a l s o  depic ted  i n  F igure  V I - 1 .  

For t hese  

Dimensions of t he  s p h e r i c a l  and 
The method 

Both t h e  s p h e r i c a l  and c y l i n d r i c a l  b a s e l i n e  tanks have essen- 
t i a l l y  t h e  same packaging volume and usable  volume, f o r  l o c a t i o n  
of a d d i t i o n a l  equipment i n s i d e  t h e  envelope (Table VI-2). Spher- 
i c a l  tanks have a s l i g h t l y  lower tank and package s u r f a c e  area. 
Nei ther  geometry w i l l  a f f e c t  t h e  s p a c e c r a f t  adapters  o r  b a s i c  sup- 
p o r t  s t r u c t u r e ,  and both conf igura t ions  w i l l  a l low e s s e n t i a l l y  t h e  
same s p a c e c r a f t  s e p a r a t i o n  c learance .  No r ea l  advantage i s  gained 
wi th  e i t h e r  geometry i n  t h e  areas of thermal and meteoroid protec-  
t i on .  Spheres are s l i g h t l y  b e t t e r  from a thermal con t ro l  a spec t ,  
bu t  they a l s o  p re sen t  a s l i g h t l y  l a r g e r  p rq jec t ed  meteoroid impact 
area - 

* 
Table VI-2 Spherical versus Cylindrical Tankage 

~~ 

MISSION 

Mass, lbm 

Materi a1 
Packaging Volume, f t 3  
Usable Volume, f t 3  
Meteoroid Impact Surface 

Total Tankage Surface 

Total No. of Weld Joints  
Fabrication Costs 
Fabrication Time 
Inspection Cost & Time 

Area, f t 2  

Area, f t 2  

66.0 

2219 Aa 
t 
t 

t 

t 
2 
Lower 
Lower 
Lower 

SPHERES 

A2 

48.0 

6A.t-4V T i  
60 

138 

20.3 

63.0 
2 

Lower 
Lower 
Lower 

B 

8.2 

6A.t-4V T i  
3.9 

18.1 

2.1 

11.9 
1 

Lower 
Lower 
Lower 

73.3 

2219 A i  
t 
t 

t 

t 
6 
Higher 
Higher 
Higher 

.k 
Two tank systems f o r  Mission A I  and A,; one tank system f o r  Mission B. 

CYLINDERS 
A2 

54.4 

6Ai-4V T i  
60 

138 

17.3 

65.0 
6 

Higher 
Higher 
Higher 

B 

9.7 

6A.t-4V Ti 
3.9 

18.1 

1.8 

12.6 
3 

Higher 
Higher 
Higher 

'The values f o r  Mission A I  a r e  approximately the same as those quoted f o r  Mission A,. 
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Because spheres  have a s l i g h t l y  smaller s u r f a c e  area and less 
weld j o i n t s  
age should be p o t e n t i a l l y  less w i t h  spheres  than  wi th  cy l inde r s .  
I n  cons ider ing  p r o p e l l a n t  tank and a c q u i s i t i o n  device i n t e r a c t i o n ,  
d i e l ec t rophores i s ,  s e t t l i n g  rocke t s ,  polymeric bladders  and dia- 
phragms, c a p i l l a r y  bellows, and s u r f a c e  t ens ion  systems can be em- 
ployed i n  e i t h e r  b a s e l i n e  tank geometry. I n  f a c t ,  wi th  t h e  excep- 
t i o n  of t h e  polymeric b ladders  and diaphragms, these  a c q u i s i t i o n  
concepts can be used i n  e s s e n t i a l l y  any p rope l l an t  tank. Metal 
bellows are l i m i t e d  t o  c y l i n d r i c a l  tanks wi th  reasonable  L/D r a t i o s ;  
r ing-reinforced metal diaphragms are adaptab le  t o  spheres  o r  cono- 
spheroids .  From a tankage s t andpo in t ,  t he  b e s t  approach i s  t o  
select  an a c q u i s i t i o n  device compatible wi th  t h e  more advantageous 
tank conf igura t ion .  A device t h a t  does no t  l i m i t  t he  choice of 
tank geometry whi le  providing the  des i r ed  o p e r a t i o n a l  charac te r -  
i s t i c s  o f f e r s  obvious advantages.  

the  p r e s s u r i z a t i o n  subsystem m a s s  and p res su ran t  leak- 

Sphe r i ca l  tanks provide t h e  lowest mass subsystem (Table VI-2) ; 
t h i s  i s  t r u e  f o r  a l l  t h r e e  missions.  They a l s o  have fewer welds 
t o  f a i l  and a lower leakage p o t e n t i a l ,  tending toward h igher  reli- 
a b i l i t y .  Sphe r i ca l  tanks have only one c losu re  weld whi le  cy l in-  
d e r s  have one c l o s u r e  weld p lus  a b a r r e l  s e c t i o n  weld and a weld 
j o i n t  between t h e  b a r r e l  and t h e  o t h e r  end dome, Because of less 
welding f o r  sphe res ,  t h e  in spec t ion  and c leaning  requirement should 
a l s o  be  less. The r e s u l t  should be lower f a b r i c a t i o n  and assembly 
t i m e  f o r  spheres .  Spheres should a l s o  provide lower material ,  
f a b r i c a t i o n ,  assembly, and in spec t ion  cos t s .  

Se l ec t ion  of s p h e r i c a l  tanks f o r  a l l  t h r e e  missions w i l l  pro- 
v ide  a l i g h t e r ,  less c o s t l y ,  and more r e l i a b l e  p rope l l an t  tank sub- 
system wi th  schedule  b e n e f i t s  over  a system using c y l i n d r i c a l  t anks .  
Advantages are gained i n  thermal c o n t r o l ,  p r e s s u r i z a t i o n ,  and fab- 
r i c a t i o n  by choosing spheres  i n s t e a d  of cy l inde r s .  

3. Materials 

I n  t h i s  i n v e s t i g a t i o n ,  t h r e e  d i f f e r e n t  metals w e r e  g iven p r i -  
mary cons ide ra t ion  i n  s e l e c t i n g  materials f o r  cons t ruc t ion  of t h e  
p rope l l an t  tanks .  A s  discussed i n  Chapter V ,  t hese  were 300-ser ies  
s t a i n l e s s  s t e e l ,  aluminum, and t i t an ium.  Compatibi l i ty  w i t h  t h e  
p r o p e l l a n t s  w a s  considered f o r  each mission and t h e  compatible 
materials w e r e  then  compared t o  o b t a i n  t h e  b e s t  p rope l l an t  tank 
material. P e r t i n e n t  metal p r o p e r t i e s  are shown i n  Table V-3. 
A l l - m e t a l  tanks were a l s o  compared t o  a composite tank cons t ruc ted  
of t h i n  metal l i n e r s  and carbon/epoxy overwrap, 
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a. Candidate Metals - The b e s t  materials f o r  cons t ruc t ion  of 
t h e  OF2  and B2Hg p r o p e l l a n t  tanks f o r  Mission AI are s t a i n l e s s  
steel  and aluminum. Titanium i s  no t  a contender because of t h e  
p o s s i b l e  shock s e n s i t i v i t y  wi th  OF2 observed i n  some i n v e s t i g a t i o n s  
(Ref 111-54, and 111-88 t h r u  111-90). 

Cryoformed 301 s t a i n l e s s  s teel ,  having g r e a t e r  u l t ima te  
t e n s i l e  s t r e n g t h  than o t h e r  300-series s t a i n l e s s  steels,  w a s  con- 
s ide red  along wi th  2014, 2219 and 6061 aluminum. These materials 
a l l  e x h i b i t  e x c e l l e n t  compa t ib i l i t y  w i th  t h e  A1 prope l l an t s .  How- 
eve r ,  problems are encountered i n  welding cryoformed 301 s t a i n l e s s  
s teel .  The welding opera t ion  annea ls  t he  material i n  the  v i c i n i t y  
of t h e  weld causing a reduct ion  i n  s t r e n g t h  i n  t h i s  area wi th  at- 
tendant l o s s  of t h e  cryoforming advantage.  This  would present  
problems i n  attachment of many of t h e  p r o p e l l a n t  a c q u i s i t i o n  sub- 
system candidates .  Methods of circumventing a reduct ion  i n  s t r e n g t h  
can probably be found b u t  each attachment r e q u i r e s  s e p a r a t e  consid- 
e r a t i o n ;  both c o s t  and t i m e  would be involved i n  a r r i v i n g  a t  t h e  
b e s t  s o l u t i o n .  I n  a d d i t i o n ,  cryoforming p resen t s  another  and per -  
haps more important  disadvantage -- i t  e x h i b i t s  t h e  c h a r a c t e r i s t i c s  
of a permanent magnet. This could r e s u l t  i n  s p a c e c r a f t  compati- 
b i l i t y  problems by a f f e c t i n g  o r  l i m i t i n g  t h e  use of var ious  com- 
,ponents i n  the  guidance system such as magnetometers. Even i f  
t hese  f a c t o r s  could be circumvented o r  accounted f o r ,  a d d i t i o n a l  
cos t  and t i m e  would be  involved.  For these  reasons ,  aluminum w a s  
s e l e c t e d  as the  p r e f e r r e d  material. 

S t rength  and w e l d a b i l i t y  were t h e  primary cons ide ra t ions  
i n  s e l e c t i n g  an aluminum a l l o y .  I n  regard t o  w e l d a b i l i t y ,  2219 
and 6061 aluminum possess  comparable c h a r a c t e r i s t i c s  and both are 
supe r io r  t o  2014. 
equal  t o  t h a t  of 2014 and 30% g r e a t e r  than t h a t  of 6061. There- 
f o r e ,  since 2219 aluminum possesses  t h e  b e s t  combination of com- 
p a t i b i l i t y ,  s t r e n g t h  and w e l d a b i l i t y ,  i t  w a s  s e l e c t e d  f o r  t he  M i s -  
s i o n  A 1  p r o p e l l a n t  tanks.  

The u l t i m a t e  s t r e n g t h  of 2219 aluminum i s  about  

Titanium and aluminum were t h e  two prime materials con- 
s ide red  f o r  Mission A2  s i n c e  they e x h i b i t  t he  b e s t  compa t ib i l i t y  
c h a r a c t e r i s t i c s  w i th  N 2 0 4  and MMH. 
f o r  Mission B a l s o ,  because i t  promotes excess ive  decomposition 
rates of hydrazine-hydrazine n i t r a t e  mixtures .  Since t i t an ium 
wi th  i t s  h igher  strength-to-weight r a t i o  provides  much l i g h t e r  
tanks,  6AR-4V t i tan ium w a s  s e l e c t e d  f o r  t he  p r o p e l l a n t  tanks f o r  
Mission A2 and f o r  t h e  s i n g l e  tank f o r  Mission B.  

S t a i n l e s s  steel  w a s  e l imina ted  
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b.  Metal Versus Composite Tanks - A s  d i scussed  i n  Chapter V ,  
t h ree  d i f f e r e n t  composite s t r u c t u r e s  were considered. These were 
(1) a wrapped cy l inde r  wi th  ba re  hemispherical  domes, (2) a com- 
p l e t e l y  wrapped cy l inde r  wi th  e l l i p t i c a l  domes, and (3)  a com- 
p l e t e l y  wrapped o b l a t e  spheroid.  The l a t t e r  provided the  l i g h t e s t  
composite tank f o r  a l l  t h ree  missions.  A weight comparison i s  
shown i n  Table V-7 between an all-metal s p h e r i c a l  tank and t h e  
var ious  composite s t r u c t u r e s  considered. The weights presented  
are f o r  t he  tanks only without  any cons idera t ion  of a t tachments ,  
pene t r a t ions ,  o r  welds.  A s a f e t y  f a c t o r  of 2 . 2  on u l t ima te  
s t r e n g t h  i s  r e f l e c t e d  i n  a l l  weights .  With a 20-mil aluminum 
l i n e r ,  the  o b l a t e  spheroid i s  the  l i g h t e s t  composite s t r u c t u r e  
f o r  a l l  t h ree  missions,  whi le  a 10-mil t i t an ium l i n e r  r e s u l t s  i n  
the  wrapped cy l inde r  wi th  ba re  hemispherical  domes l i g h t e s t  f o r  
Mission A2,  and an o b l a t e  spheroid aga in  the  l i g h t e s t  f o r  M i s -  
s i o n  B.  

A summary of t he  metal versus  composite tank eva lua t ion  
i s  presented  i n  Table VI-3. 
14 pounds f o r  Mission A1 and one pound f o r  Mission B i s  p o t e n t i a l l y  
a v a i l a b l e  wi th  a composite tank s t r u c t u r e .  
ab l e  f o r  Mission A2 as composites are from t h r e e  t o  seven pounds 
heav ie r  than t h e  two t i tan ium spheres .  I n  a c t u a l i t y ,  composite 
tankage would probably provide no weight sav ings  a t  a l l  and could 
be heav ie r  i n  a l l  cases  f o r  t h i s  a p p l i c a t i o n  f o r  t h e  fol lowing 
reasons : 

A maximum weight savings of about 

No savings are a v a i l -  

1) Uncer t a in t i e s  e x i s t  i n  composite s t r u c t u r e  ca lcu la-  
t i o n s .  It i s  f e l t  t h a t  t he  c a l c u l a t e d  weights more 
nea r ly  i n d i c a t e  an e q u a l i t y  between metal and composite 
tanks than t h e  ex i s t ence  of an a c t u a l  weight d i f f e r -  
ence; 

Composite tanks inhe ren t ly  r e s u l t  i n  heav ie r  a t t a c h -  
ments and pene t r a t ions  than m e t a l  tanks because the  
m e t a l  l i n e r  provides  no attachment s t r e n g t h  and t h i s  
must be obtained wi th  a d d i t i o n a l  overwrap a t  t h e  at- 
tachment po in t s .  

2) 
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Table VI-3 Composite Tank  Evaluation*' 

MISSION 

Metal ' 
Liner Thickness, 
m i  Is 
Mass, lbm' 

R e l i a b i l i t y  
Leakage 
Thermal Compat- 
i b i l  i t y  
Vacuum Loading 
Fabrication Cost 
and Time 

OBLATE SPHEROID 

A 1  A2 B 

1100 Aa. T i  T i  

20 10 10 
46.4** 48.8 6.3** 

Unproven 
Questionable 

Bad Good Good 
No No No 

Higher 

CYLINDER 
COMPLETE OVERWRAP 

A i  A? B 

1100 Aa. T i  T i  

20 10 10 
48.0 49.8 6.5 

Unproven 
Ques t ionable  

Bad Good Good 
No No No 

Higher 

C Y L I N D ~ R  
BARREL OVERWRAP 

2219 Aa. T i  T i  

20 10 10 
54.0 46.0** 7.6 

Fa i r  
Questionable 

Bad Good Good 
No No No 

Moderate 

METAL SPHERE 
A1 A2 B 

2219 Aa. T i  T i  

60.0 43.2 7.4 

Good 
Good 

Good 
Yes 

Lower 

* 
Two tanks f o r  Missions A l  and A,; one tank f o r  Mission B .  

'Carbonlepoxy overwrap. 

'Ti was 6Aa.-4V Titanium. 

'The 10% weld and attachment w e i g h t  allowance f o r  metal tanks has been omitted f o r  comparison; composite 
weights do not inc lude  attachment and penet ra t ion  weights. 

** 
Lighest weight composite s t r u c t u r e .  

The use of composite tanks f o r  cryogenic a p p l i c a t i o n s  i s  
ques t ionable .  The c o e f f i c i e n t  of thermal expansion of t he  over- 
wrapped s t r u c t u r e  i s  near  zero.  
l e m s  wi th  t h e  l i n e r  buckl ing as i t  cont rac ted  away from t h e  over- 
wrapping i n  cool ing from ambient t o  cryogenic  temperatures .  Com- 
p o s i t e s  could encounter problems whenever t h e  ope ra t iona l  temper- 
a t u r e  v a r i e s  s i g n i f i c a n t l y  from t h e  f a b r i c a t i o n  temperature.  For 
t h i s  reason,  composite tanks should no t  be considered f o r  t he  near- 
cryogen Mission A I .  Addi t iona l ly ,  t h e  c o s t  and f a b r i c a t i o n  t i m e s  
f o r  composite tanks are considerably g r e a t e r  than f o r  m e t a l  t anks ,  
the  s ta te -of - the-ar t  p o s i t i o n  i s  no t  comparable, and r e l i a b i l i t y  
must  be assessed  as considerably lower than m e t a l  tanks,  e s p e c i a l l y  
from a leakage s t andpo in t ,  

This could r e s u l t  i n  s e r i o u s  prob- 

I n  summary, all-metal b a s e l i n e  p rope l l an t  tanks are prob- 
ably equal  i n  weight o r  even l i g h t e r  than t h e i r  composite counter- 
p a r t s ,  Also,  metal tanks o f f e r  r e l i a b i l i t y ,  and c o s t  and schedule  
advantages i n  comparison t o  composite tanks.  " This conclusion i s  
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r e i n f o r c e d  by t h e  r e s u l t s  o b t a i n e d  i n  comparing metal and composite 
t a n k s  f o r  t h e  126% l a r g e r  two-tank Viking O r b i t e r  c o n f i g u r a t i o n  
(Table  V-7). For t h e  b a r e  t a n k s  o n l y ,  composite t a n k s  c o n s t r u c t e d  
of  a 10-mil t i t a n i u m  l i n e r  w i t h  carbon/epoxy overwrap are only  1 4  
l b  l i g h t e r  t h a n  an  a l l - t i t a n i u m  tank .  T h i s  d i f f e r e n c e  would d i s -  

appear  when c o n s i d e r i n g  welds  , a t tachments  and p e n e t r a t i o n s  a 
m 

B. PROPELLANT A C Q U I S I T I O N  S U B S Y S T E M  

The p r o p e l l a n t  a c q u i s i t i o n  concepts  c o n s i d e r e d  i n  t h i s  evalu-  
a t i o n  were d i e l e c t r o p h o r e t i c  sys tems,  po lymer ic  b l a d d e r s  and d ia -  
phragms, metal l ic  diaphragms, m e t a l  be l lows ,  e x t e r n a l  s e t t l i n g  
r o c k e t s ,  s u r f a c e  t e n s i o n  d e v i c e s ,  and t h e  c a p i l l a r y / b e l l o w s  con- 
c e p t .  Metallic diaphragm d e v i c e s  c o n s i d e r e d  w e r e  r i n g - r e i n f o r c e d  
diaphragms and t h e  convoluted s p h e r i c a l  diaphragm. 

I n  e v a l u a t i n g  t h e  c a n d i d a t e  p r o p e l l a n t  a c q u i s i t i o n  c o n c e p t s ,  
emphasis w a s  p l a c e d  on p r o v i d i n g  a thoroughly o b j e c t i v e  and i m -  
p a r t i a l  assessment i n  o r d e r  t o  a s s u r e  s e l e c t i o n  of  t h e  concept  
t h a t  i s  indeed  b e s t  s u i t e d  f o r  u s e  i n  t h e  t h r e e  s p e c i f i c  m i s s i o n s  
of i n t e r e s t .  A s  mentioned p r e v i o u s l y ,  a comparat ive e v a l u a t i o n  of 
t h e  many d e v i c e s  employing wide ly  d i f f e r i n g  o p e r a t i o n a l  t e c h n i q u e s  
vas n o t  as s t r a i g h t f o r w a r d  as, f o r  i n s t a n c e ,  comparing two- and 
four- tank systems f o r  c o n t a i n i n g  p r o p e l l a n t s .  A s  an  example, t h e  
s e t t l i n g  r o c k e t  system u s i n g  s e p a r a t e  gas  s t o r a g e ,  v a l v i n g  and 
c o l d  gas  r o c k e t s  had t o  b e  compared t o  f l e x i n g  metal diaphragms. 
To a i d  i n  t h e  e v a l u a t i o n ,  a numer ica l  r a t i n g  system w a s  developed 
and employed t o  e s t a b l i s h  a f i g u r e  of m e r i t  f o r  each concept .  
The concept r e c e i v i n g  t h e  h i g h e s t  f i g u r e  of m e r i t  f o r  each  of t h e  
t h r e e  miss ions  w a s  t h e n  s e l e c t e d  as t h e  p r e f e r r e d  c a n d i d a t e  f o r  
p r o p e l l a n t  a c q u i s i t i o n .  The d e t a i l e d  i n f o r m a t i o n  compiled f o r  
each  c a n d i d a t e  concept ,  p r e s e n t e d  i n  Chapter  111, w a s  used i n  t h e  
e v a l u a t i o n .  T h i s  o v e r a l l  approach f o r  s e l e c t i o n  of t h e  p r e f e r r e d  
concept  i s  d e p i c t e d  i n  F i g u r e  VI-2. A s  shown, t h e  e v a l u a t i o n  a l s o  
i n c l u d e d  c o n s i d e r a t i o n  of t h e  impact  of t h e  o t h e r  two p r o p u l s i o n  
subsystems on p r o p e l l a n t  a c q u i s i t i o n .  
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1. R a t i n g  System 

V I - 1 3  

The r a t i n g  s.ystem employed i n  t h e  eva lua t ion  w a s  developed 
through an evo lu t iona ry  process ,  
t h r e e  d i f f e r e n t  r a t i n g  systems Were conducted, 
d i f f i c u l t i e s ,  encountered i n  va r ious  areas of t he  r a t i n g  system, 
inc luded  t h e  p o s s i b i l i t y  that a system could be  s e l e c t e d  as b e s t  
from a numerical  r a t i n g  s t andpo in t ,  bu t  n o t  be a b l e  t o  meet t h e  
mission performance requirements and a m a s s  eva lua t ion  t h a t  over- 
emphasized what i n  r e a l i t y  w e r e  s m a l l  d i f f e r e n c e s  between candi- 
d a t e  concepts ,  
development of the f i n a l  r a t i n g  system progressed.  

Four s e p a r a t e  eva lua t ions  us ing  
Shortcomings o r  

The problem areas were g radua l ly  e l imina ted  as 

P r i o r  t o  e s t a b l i s h i n g  a p o i n t  r a t i n g  system, a comparison of 
t h e  candidate  concepts w a s  made. Presented  i n  Table V I - 4 ,  t he  
comparison shows s u r f a c e  tens ion  devices  possess  more d e s i r a b l e  
p r o p e l l a n t  a c q u i s i t i o n  f e a t u r e s  than  the  o t h e r  concepts ,  wi th  
d i e l e c t r o p h o r e s i s ,  s e t t l i n g  rocke ts  and c a p i l l a r y  bellows poten- 
t i a l l y  second. 
p o s s i b l e  f a i l u r e  modes f o r  t he  va r ious  concepts were t abu la t ed  
and used i n  t h e  numerical  r a t i n g .  
assessment of t h e  p r o b a b i l i t y  of occurrence are shown i n  Table  VI-5. 

Based on the  informat ion .presented  i n  Chapter 111, 

These modes toge the r  wi th  a n  

A re la t ive  comparison of t he  a c q u i s i t i o n  concepts w a s  a l s o  
made f o r  each of t h e  t h r e e  missions using a p o i n t  system from one 
t o  f i v e  where one w a s  b e s t  and f i v e  w a s  poores t .  These relative 
comparisons are presented  i n  Tables VI-6 t h r u  V I - 8  f o r  Missions 
A I ,  A 2 9  and B, r e s p e c t i v e l y .  Candidates considered no t  capable  
of meeting t h e  mission requirements were no t  r a t e d ;  t h i s  is  d i s -  
cussed i n  more d e t a i l  la ter  i n  t h i s  s e c t i o n .  The r e l a t i v e  assess- 
ment shows s u r f a c e  t ens ion  f i r s t  and s e t t l i n g  rocke t s  second f o r  
a p p l i c a t i o n  on a l l  t h r e e  missions.  

Two d i s t i n c t  areas are included i n  t h e  system employed f o r  t he  
f i n a l  eva lua t ion .  These are a performance assessment i n  t e r m s  of 
mission environment and duty cyc le  requirements and a r a t i n g  sched- 
u l e  inco rpora t ing  va r ious  r a t i n g  c a t e g o r i e s .  The performance capa- 
b i l i t y  of each candida te  p r o p e l l a n t  a c q u i s i t i o n  concept f o r  meet- 
i ng  mission requirements w a s  assessed  p r i o r  t o  r a t i n g  the  device.  
I f  t h e  concept had s e r i o u s  l i m i t a t i o n s  o r  would no t  perform ade- 
qua te ly  f o r  t h e  mission under cons ide ra t ion ,  i t  w a s  no t  r a t e d  f o r  
t h a t  mission and w a s  ass igned  a zero  f i g u r e  of m e r i t .  
sons f o r  a s s ign ing  t h i s  r a t i n g  were documented, Concepts consid- 
e red  capable  of meeting performance requirements  were then r a t e d  
according t o  t h e  r a t i n g  schedule .  

The rea- 
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* 
Table VI-5 Possible Failure Modes 

~~ 

CANDIDATE CONCEPT 
Polymeric Bladders and 
Diaphragms 
Bel 1 ows 

Veta1 1 i c Diaphragms 

External S e t t l i n g  

Capi 1 1 ary Bel 1 ows 

Surface Tension 

Diel ectrophoresis 

CATASTROPHIC 

MODE 

Tear 
Leaf weld 
f ai 1 ure 
Tear 

Valve f a i  
closed 

5 

Valve f a i l s  
open 
Compu t e r / s  equencer 
f a i  1 ure 
Loss o f  trapped 
propellant 
Leaf weld f a i l u r e  
Loss o f  trapped 
propel 1 ant  

Power supply 
s igna1 loss  
Power s up  p 1 y 
f a i  1 ure 

PROBA- 
BILITY 

4 
5 

4 

5 

5 

5 

5 

5 
5 

5 

5 

ANOMALOUS 

MODE 

Pinholing 
Pinhole leak 
Snaking 

Pinholing 
~~ 

Regulator 
shif t  
Gas leakage 

Gas i nges t i  on 
w/outf low 
Weld pinhole 
Some gas pene- 
t r a t i o n  (flow 
annulus) 
Power supply 
degradation 

PROBA- 
BILITY 

1 
4 
5 

1 

5 

4 

3 

4 
4 

5 

* 
Relative rat ings - 1 t h r o u g h  5 where 1 represents h i g h  probabi l i ty  and 5 low 

probabi 1 i ty . 
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The r a t i n g  c a t e g o r i e s  considered i n  t h e  r a t i n g  schedule  were 
(1) a v a i l a b i l i t y ,  (2) system compa t ib i l i t y ,  (3)  r e l i a b i l i t y ,  ( 4 )  
t e s t a b i l i t y ,  (5) mass, and (6) des ign  v e r s a t i l i t y .  I n  t h e  r a t i n g  
schedule ,  each of the s i x  c a t e g o r i e s  i s  a l l o t t e d  a maximum r a t i n g  
f a c t o r  of one,  Def i c i enc ie s  i n  candida te  concepts  are pena l i zed  
by s u b t r a c t i n g  f r a c t i o n s  from the a l lo tment  according t o  the sched- 
u l e .  The magnitude of the p e n a l t i e s  w a s  determined by relative 
comparison. 
relative importance of t h e  r i e i n g  ca t egor i e s .  The in t e rmed ia t e  
f a c t o r s  w e r e  then normalized s o  t h a t  t h e  sum of the  f i n a l  weight ing 
f a c t o r s  w a s  100%. This allowed the more impor tan t  r a t i n g  cate- 
g o r i e s ,  such as r e l i a b i l i t y ,  t o  receive heavier weight ing i n  t h e  
eva lua t ion .  A d e t a i l e d  d i scuss ion ,  i nc lud ing  i l l u s t r a t i o n s  of t h i s  
ope ra t ions  r e sea rch  approach f o r  ranking o r  weight ing va r ious  ob- 
jectives,  i s  p resen ted  i n  Ref VI-1 .  The weight  f a c t o r s  employed 
w e r e  : 

In t e rmed ia t e  weight ing f a c t o r s  w e r e  determined by 

Percent  

R e  li ab i l i t  y 25 

Mass 20 

T e s t a b i l i t y  20 

System Compat ib i l i ty  20 

A v a i l a b i l i t y  10 

Design V e r s a t i l i t y  5 

Depending upon t h e  viewpoint of t h e s e  r a t i n g  c a t e g o r i e s ,  they can 
be  considered e i t h e r  as s t a t e d  o r  as an e f f e c t i v e  weight ing of 20% 
f o r  mass and 80% € o r  r e l i a b i l i t y ,  s i n c e  t e s t a b i l i t y ,  system com- 
p a t i b i l i t y ,  a v a i l a b i l i t y ,  and des ign  v e r s a t i l i t y  may be looked 
upon as measures of o r  impacts on r e l i a b i l i t y .  

F i n a l l y ,  a f i g u r e  of m e r i t  w a s  e s t a b i l i s h e d  f o r  each acqu i s i -  6 

t i o n  concept /mission combination being r a t e d .  
was c a l c u l a t e d  as t h e  summation of t h e  r a t i n g  f a c t o r  - weight ing 
f a c t o r  products  f o r  a l l  s i x  r a t i n g  c a t e g o r i e s .  With t h i s  system, 
the  maximum p o s s i b l e  f i g u r e  of m e r i t  w a s  one. 

This  f i g u r e  of m e r i t  

The method used f o r  e s t a b l i s h i n g  a f i g u r e  of m e r i t  f o r  each 
candida te  p r o p e l l a n t  a c q u i s i t i o n  concept fo l lows:  
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Performance Assessment 

A ,  Candidate Concept Must Meet Mission Environment and Duty 
Cycle Requirements 

1) Engine Duty Cycle (ser ies  of par t ia l  expulsions) 
2 )  Vibration and Slosh 
3)  Acceleration 
4)  Thermal Environment 

9. Candidate Concept Must Passess Certain Characteristics 

1) No Major Compatibility Problems 
2 )  Usable with Both the Fuel and the Oxidizer 

3) 
4) Repeatable Expulsion Performance 

Manufacturabi 1 i ty Not Questionable 

If the candidate concept cannot meet the mission performance re- 
quirements or is found deficient in the above areas, a zero fig- 
ure of merit is assigned for the mission under consideration. 

. However, if the candidate is considered capable of meeting perform- * 

ance requirements, the candidate is rated for each mission accord- 
ing to the rating schedule. 

- _  

Ratina Schedule 

A.  Availability e e . . . . . . e . . e . . . Maximum Rating Factor = 1 - 0  

1) Development Status e e . a a . . . . Maximum Allotment = 0.6 
a )  Similar system developed and qualification tested - no penalty 
b )  Only experimental development - subtract  0.2 
c )  Only f eas ib i l i t y  t e s t s  or less  - subtract  0.6 

a )  Similar system fabricated - no penalty 
b )  Mew techniques required - subtract  0.2 
c )  New technology required - subtract  0.4 

Different design concept for  fuel and 
oxidizer - subtract  0.2 . . e . . e e Maximum Allotment = 0.2 

2 )  Manufacturability . a . * . . e . e . e e . Maximum,Allotmerit = 0.4 

B .  System Compatibility . a . . I . Maximum Rating Factor = 1 , 0  

1) 
- . ~. 
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2 )  Propellant/material compatibility . . . . . Maximum Allotment = 0,2 , 

a )  
b )  Class 2" material used - subt rac t  0.1 
c )  

Class 1" material only - no penalty 

Compatibility problem (includes problem w i t h  fuel decomposition) - 
subt rac t  0 .2  

3) Tankage/Device Compatibility e . . . . . a . . Maximum Allotment = 0.2 
a )  Cylindrical Tanks 

L / D  r e s t r i c t i o n s  out of study range - subt rac t  0.05 

Not acceptable - subt rac t  0 .1  

1) 
2 )  Special tapers o r  domes required - s u b t r a c t  0.05 
3 )  

Two or  four tanks not acceptable - subt rac t  0.1 

Cleaning a f t e r  assembly very d i f f i c u l t  - subtac t  0.1 
Contaminant t r a p  areas exist - subt rac t  0.1 

b )  Spherical tanks not acceptable - subt rac t  0 .1  
c )  

a )  
b )  

(appl ies  t o  Mission A I  w i t h  OF2 only) 
a )  
b )  

c )  

4)  Tankage/Device Cleaning . . . . . . . . . Maximum Allotment = 0.15 

5 )  Tankage/Device Passivation . . . . . . . . e Maximum Allotment = 0.15 

Contaminant t rap  areas e x i s t  - subt rac t  0.1 
All areas inside tank cannot be passivated a t  operating pressure - 
subt rac t  0.1 
Passivation cannot be conducted w i t h  complete tank/device assembly - 
subt rac t  0.15 

6) Spacecraft Compatibility Problem . . . . . . . Maximum Allotment = 1.0 
- subt rac t  1.0 

C.  Re l iab i l i ty  a e . . e a . . . . . . a . . a . . Maximum Rating Factor = 1.0 
Device has moving par t s  - subt rac t  0 .1  f o r  
each moving p a r t  . e . e a a . e . . . . Maximum Allotment = 0.2 
Device requires additional subsystems beyond 
the basic  propulsion subsystem - s u b t r a c t  0.1 
f o r  each additional subsystem e . . . e a . - Maximum Allotment = 0.2 

3) Catastrophic f a i l u r e  modes - subt rac t  0.1 f o r  
each independent f a i l u r e  mode a . e . . . e a Maximum Allotment = 0-3 

4)  Anomalous operation f a i l u r e  modes - subt rac t  
0.05 f o r  each independent f a i l u r e  mode . e Maximum Allotment = 0,3  

1) 

2 )  

*Class 1 materials a re  aluminum o r  s t a i n l e s s  s t e e l  f o r  Mission A I  and aluminum 
o r  titanium f o r  Missions A2 and B; s t a i n l e s s  s t e e l  i s  a Class 2 material f o r  Psis- 
s ion A2.  
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D .  Tes tab i l i ty  e e e (I . . . e . . . . Maximum Rating Factor = 1 .0  
1) Device Has Cycle Limitations e . . . a . e Maximum Allotment = 0.4 

a )  Greater than 50 cycles - no penalty 
b )  Less than 50 cycles - subt rac t  0 .2  
c )  Less than 20 cycles - subt rac t  0 , 3  
d )  Less than one cycle - subt rac t  0 .4  

a )  

b )  

c )  

2 )  Verification of Operational Readiness . . Maximum Allotment = 0.6 
Acceptance test  f u l l - s c a l e  without performance degradation - 
no penalty 
Acceptance test  p a r t  of f l i g h t  system and qual i fy  remainder on 
s t a t i s t i c a l  basis - subt rac t  0.3 
Fl ight  qual i fy  on s t a t i s t i c a l  basis only - subt rac t  0 .6  

E. Mass e . . a e . . . . . . . . . . a - . . . . Maximum Rating Factor = 1.0 
Comparison o f  t o t a l  mass a t t r i b u t e d  t o  candidate device t o  the t o t a l  mass 
a t t r ibu ted  t o  the heaviest  device under consideration. 
Total mass a t t r i b u t e d  t o  a device is the summation o f :  

2 )  
2) 

Dry weight o f  device only; 
Residual s a t t r i  buted t o  device t h a t  i ncl udes unexpel 1 ab1 e trapped pro- 
pe l lan t  w i t h i n  the tank and any vaporized propellant i n  the ullage,  
minus savings i n  pressurant weight (based upon helium) resul t ing because 
of vapori zed propel 1 a n t ;  

3)  Additional tank, l i n e ,  o r  valve weight required by the device over 
weight of selected baseline tanks e 

W t  Heaviest - W t  Candidate 
Wt Heaviest Mass Rating = 

F. Design Versa t i l i ty  e e . * a . . e Maximum Rating Factor = 1.0 
I )  Design margin capabi l i ty  (consider +loo% of 

nominal values) a . . e .. . . e a . Maximum Allotment = 0,2 
a )  Burn  time l imi ta t ion  - subt rac t  0.1 
b )  Limitation on number of r e s t a r t s  - subt rac t  0 .1  
c )  Acceleration 1 imitation - subt rac t  0.1 
Design not calculable  and performance pre- 
d ic tab le  over s i z e  range from nominal t o  1.5 
times nominal - subt rac t  0 .2  a a e e a . Maximum Allotment = 0 .2  

3 )  New design required f o r  each new s i z e  - sub-  
t r a c t  0.3 a - * . * * * * - * * * * * * * * Maximum Allotment = 0.3 

4) Testing required f o r  each new s i z e  , a ). . e Maximum Allotment = 0-3 

2) 

a )  
b )  

Verification only - subt rac t  0 .1  
Major evaluation - subt rac t  0.3 
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f 

With t h i s  r a t i n g  s c h e d u l e ,  t h e  p e n a l t y  a s s e s s e d  a g a i n s t  a candi- 
d a t e  concept  cannot  exceed t h e  a s s i g n e d  maximum a l l o t m e n t .  For  
example, i f  a c a n d i d a t e  concept  had o v e r  t h r e e  c a t a s t r o p h i c  f a i l u r e  
modes, t h e  p e n a l t y  a s s e s s e d  could  n o t  exceed t h e  maximum a l l o t -  
ment of  0.3. 

2. Performance Assessment 

Each of  t h e  c a n d i d a t e s  w a s  cons idered  f o r  a p p l i c a t i o n  t o  t h e  
t h r e e  r e f e r e n c e  m i s s i o n s .  The approach used i n  e v a l u a t i n g  t h e  
c a n d i d a t e s  f o r  t h e  one-year d u r a t i o n  A I  and A2 miss ions  w a s  iden-  
t i c a l  because  t h e s e  two Mars m i s s i o n s  d i f f e r e d  only  i n  p r o p e l l a n t  
combinat ion,  t h r u s t  level ,  and p r o p e l l a n t  ou t f low r a t e s .  A more 
s t r i n g e n t  approach f o r  a s s e s s i n g  performance of t h e  c a n d i d a t e s  w a s  
employed f o r  t h e  10-year d u r a t i o n  Mission B. S i n c e  minor o r  even 
n e g l i g i b l e  problem areas f o r  a one-year m i s s i o n  can b e  magni f ied  
and compounded o v e r  a 10-year p e r i o d  t o  produce s i g n i f i c a n t  i m -  
p a c t s ,  t h i s  c l o s e  s c r u t i n y  w a s  c o n s i d e r e d  t o  b e  warran ted .  Com- 
p a t i b i l i t y ,  m i s s i o n  envi ronmenta l  s e n s i t i v i t y ,  response  c a p a b i l i t y ,  
and s t a t e - o f - t h e - a r t  c o n s i d e r a t i o n s  f a l l  i n  t h i s  area. Candidate  
d e v i c e s  c o n s i d e r e d  c a p a b l e  of  meet ing m i s s i o n  requi rements  a r e  
d i s c u s s e d  i n  t h e  f o l l o w i n g  paragraphs  by miss ion .  The c o n c l u s i o n s  
w e r e  reached  af ter  d e t a i l e d  c o n s i d e r a t i o n ,  from t h e  s t a n d p o i n t  of 
m i s s i o n  requi rements ,  o f  t h e  i n f o r m a t i o n  p r e s e n t e d  i n  Chapter  111. 

a. Mi-- A l l  of  t h e  c a n d i d a t e  p r o p e l l a n t  a c q u i s i t i o n  
c o n c e p t s ,  w i t h  t h e  e x c e p t i o n  of  polymer ic  b l a d d e r s  and diaphragms, 
were cons idered  c a p a b l e  of meet ing t h e  performance requi rements  
o f  Mission A I .  Polymeric  b l a d d e r s  and diaphragms were a s s i g n e d  
a zero  f i g u r e  of merit f o r  t h i s  m i s s i o n  because  t h e r e  are no de- 
ve loped  polymer ic  materials t h a t  w i l l  per form s a t i s f a c t o r i - l y  a t  
c ryogenic  tempera tures  e i t h e r  a t  t h i s  p o i n t  i n  t i m e  o r  i n  t h e  
near f u t u r e .  I n  a d d i t i o n ,  no polymer ic  materials chemica l ly  com- 
p a t i b l e  w i t h  O F 2  are s u f f i c i e n t l y  developed f o r  u s e  i n  t h i s  ap- 
p l i c a t i o n  e 

The f o l l o w i n g  concepts  were contenders  f o r  Mission A l a  

D i e l e c t r o p h o r e t i c  Systems; Bellows; 

S u r f a c e  Tension Devices; E x t e r n a l  S e t t l i n g  System; 

Ring-Reinforced Diaphragms; C a p i l l a r y / B e l l o w s .  

Convoluted S p h e r i c a l  Diaphragms; 
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b. - Die lec t rophore t i c  devices  were e l imina ted  
from cons idera t ion  f o r  Mission A2 since t h e  h igh  e l e c t r i c a l  con- 
d u c t i v i t y  of monomethylhydrazine prec ludes  , t h e i r  use and a d i f -  
f e r e n t  a c q u i s i t i o n  concept would be requi red  f o r  t he  f u e l .  A l l  
o the r  candida te  systems w e r e  considered capable of providing satis- 
f ac to ry  performance f o r  t h e  mission. Therefore ,  t he  contenders 
f o r  Mission A2 w e r e :  

Sur face  Tension Devices; 

Polymeric Bladders;  Bellows ; 

Polymeric Diaphragms; Externa l  S e t t l i n g  System; 

Ring-Reinforced Diaphragms; Capi l lary/Bel lows.  

Convoluted Sphe r i ca l  Diaphragms; 

c. Mission B - Two-thirds of t he  candidate  concepts were 
considered ques t ionable  i n  providing s a t i s f a c t o r y  performance f o r  
Mission B a 

polymeric bladders  and diaphragms, r ing- re inforced  diaphragms, 
m e t a l  bellows, and the  cap i l l a ry /be l lows .  D ie l ec t rophore t i c  de- 
v i ces  were e l imina ted  because of t he  h igh  e l e c t r i c a l  conduct iv i ty  
of n i t r a t e d  hydrazine,  which makes t h e  use of t hese  systems im-  
p r a c t i c a l .  The use of polymeric materials i n  b ladders  o r  dia- 
phragms w a s  considered ques t ionable  f o r  a 10-year app l i ca t ion .  
Unknowns involved wi th  very long-term compa t ib i l i t y  and t h e  e f f e c t  
on r e q u i s i t e  p r o p e r t i e s ,  inc luding  t e n s i l e  s t r e n g t h  and e l a s t i c i t y ,  
i n d i c a t e  t h a t  t hese  materials cannot be considered as s e r i o u s  
contenders - 

The concepts e l imina ted  w e r e  d i e l e c t r o p h o r e t i c  devices  

A s  discussed earlier i n  t h i s  chapter ,  aluminum and t i t a n i -  
um are t h e  metals considered f o r  Mission B.  Development, f a b r i -  
ca t ion ,  and genera l  s ta te -of - the-ar t  s t a t u s  of bel lows us ing  these 
materials are a l l  i n f e r i o r  o r  unproven i n  comparison t o  s t a i n l e s s  
steel  bellows. 
lows cons t ruc ted  of aluminum o r  t i t an ium i s  considered ques t ionab le  
f o r  t he  Mission B a p p l i c a t i o n .  For these  reasons9  both m e t a l  be l -  
lows and the  cap i l l a ry /be l lows  device w e r e  ass igned  a zero f i g u r e  
of merit 

From a systems i n t e g r a t i o n  s t andpo in t ,  s s e  of be l -  *. 

A similar assessment w a s  made on r ing- re inforced  m e t a l  
diaphragms f o r  a p p l i c a t i o n  t o  Mission B. Titanium cannot be used 
as a diaphragm material because of poor e longat ion  p r o p e r t i e s ;  
thus ,  an a l l  aluminum o r  a t i t an ium tank/aluminum diaphragm cornbi- 
n a t i o n  would be requi red .  The l a t te r  p resen t s  a d i s s i m i l a r  m e t a l  
j o i n i n g  problem, F e a s i b i l i t y  tests have been performed wi th  alumi- 
num diaphragms, bu t  i t  i s  f e l t  t h a t  cons iderable  development would 



MCR- 70-1 71 VI-25 

be  requi red  t o  p e r f e c t  t he  manufacturing process  and t o  ob ta in  
des i r ed  performance levels comparable t o  diaphragms us ing  s t a i n -  
less steel. A t  t h i s  p o i n t  i n  t i m e ,  t he  system’s c a p a b i l i t y  t o  
m e e t  the  mission performance requirements i s  considered quest ion-  
a b l e  and a zero f i g u r e  of m e r i t  w a s  ass igned ,  However, i f  an ad- 
d i t i o n a l  development t i m e  of about t h ree  yea r s  w e r e  a v a i l a b l e ,  
t h i s  device might be a contender f o r  Mission B o  

The concepts considered capable of meeting the performance 
requirements of Mission B were: 

” 

Surface  Tension Devices; 

Convoluted Sphe r i ca l  Diaphragms: 

Externa l  S e t t l i n g  System. 

3.  Concept Eva1 u a t i o n  

a. Rating - A l l  of t h e  concepts considered capable of pro- 
v id ing  s a t i s f a c t o r y  performance f o r  the  t h r e e  missions w e r e  r a t e d  
by mission according t o  t h e  schedule  presented  previous ly .  Resul t s  
of t h e  eva lua t ion  are presented  i n  Table V I - 9  i n  terms of the  nu- 
merical weight ing f a c t o r  - r a t i n g  f a c t o r  product ,  the  f i g u r e  of 
m e r i t ,  and according t o  re la t ive s tanding .  

~ ~ _ ~ _ ~ _ _ ~ _ _  ~ _ _ _ ~ ~  - - 

Comparing the  f i g u r e  of merit r a t i n g s ,  s u r f a c e  t ens ion  
systems rate h ighe r  than any o t h e r  system f o r  a l l  t h ree  missions.  
They rate h ighe r  than the  second b e s t  e x t e r n a l  s e t t l i n g  system 
by 28% f o r  Mission A I ,  26% f o r  Mission A,, and 69% f o r  Mission B. 

b.  S e n s i t i v i t y  Considerat ions - To ensure  an i m p a r t i a l  eval-  
ua t ion ,  t h e  s e n s i t i v i t y  of t h e  r a t i n g  r e s u l t s  t o  the  r a t i n g  sys- 
t e m  employed w a s  i n v e s t i g a t e d .  The f i r s t  s t e p  w a s  t o  compare the  
sum of t h e  r a t i n g  f a c t o r s  only,  without  cons jder ing  weight ing 
f a c t o r s ,  Using t h i s  approach, no change i n  r e l a t i v e  p o s i t i o n  oc- 
cur red  on e i t h e r  Mission A2 o r  Mission B.  The impact on Mission 
A I  w a s  minor, s i n c e  changes occurred i n  the  f o u r t h  and f i f t h  po- 
s i t i o n s  only.  D ie l ec t rophore t i c  systems dropped from f o u r t h  t o  
f i f t h  whi le  bellows went from f i f t h  t o  f o u r t h ,  and s u r f a c e  t ens ion ,  
e x t e r n a l  s e t t l i n g ,  and the  cap i l l a ry /be l lows  remained i n  the  f i r s t ,  
second, and t h i r d  p o s i t i o n s ,  r e s p e c t i v e l y .  This  assessment tended 
t o  show t h a t  t h e  r a t i n g s  were r e l a t i v e l y  independent of t he  
weight ing f r a c t i o n  determined f o r  each r a t i n g  category.  With 
t h i s  approach, s u r f a c e  t ens ion  systems rate h igher  than the  next  
b e s t  system ( e x t e r n a l  s e t t l i n g )  by 19% f o r  Mission A I ,  18% f o r  
Mission A 2 9  and 45% f o r  Mission B. 
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I ?AT1 N G  

The next  s t e p  taken i n  eva lua t ing  s e n s i t i v i t y  w a s  t o  s i m -  
p l i f y  t h e  r a t i n g  schedule  and rerate t h e  candida te  system. 
this case, r e l i a b i l i t y  and mass w e r e  the only r a t i n g  ca t egor i e s  
employed. 
r e l i a b i l i t y  were: 
t e s t a b i l i t y  - 0.07; moving p a r t s  and cyc le  l i m i t a t i o n s  - 0.40; 
a d d i t i o n a l  subsystems - 0.20; and c a t a s t r o p h i c  and anomalous oper- 
a t i o n  f a i l u r e  modes - 0.20. The mass r a t i n g  w a s  determined i n  
the  same manner used i n  t h e  more d e t a i l e d  primary r a t i n g  method 
presented  previous ly .  The weighting f a c t o r s  used w e r e  r e l i a b i l -  
i t y  - 80% and mass - 20%. 
Table VI-10. It  i s  seen t h a t  l i t t l e  change occurred i n  r e l a t i v e  
p o s i t i o n s  of the  candida te  p r o p e l l a n t  a c q u i s i t i o n  systems e The 
important po in t  i s  t h a t  su r f ace  t ens ion  systems again ra te  much 
h igher  than the  second b e s t  system - 41% higher  on Missions A, 
and A2 and 105% h ighe r  on Mission B. 

I n  

The parameters and maximum a l lo tmen t s  considered under 
a v a i l a b i l i t y  - 0.07; manufac turabf l i ty  - 0.06 

Resul t s  ob ta ined  are presented  i n  

Table -VI-10 Ratings wi th  Simplified Approach 

MISSION A,  

ACQUISITION 
METHOD 

Surface 
Tension 

External 
S e t t l i n g  

Capi 11 ary/ 
Bel lows 

Dielectro- 
phoresis 

Spheri cal 
RRD 

Metal 
Bel 1 ows 

CS D 

FIGURE 
OF MERIT 

0.82 

0-58 

0.53 

0.45 

0.37 

0.32 

0.23 

MISSION A, 

ACQUISITION 
METHOD 

Surface 
Tension 

Extern a1 
S e t t l i n g  

Capi 11 ary/ 
Bel 1 ows 

Polymeric 
Diaphragm 

Polymeric 
Bladder 

Spherical 
RRD 

Metal 
Bel 1 ows 

CS D 

FIGURE 
OF MERIT 

0.83 

0.59 

0,54 

.- 

- 

- 

0.45 

0.40 

0.35 

0.30 

0.21 

MISSION B 

K Q U  I SIT1 ON 
METHOD 

Surf ace 
Tension 

CSD 

External ' 
Se t t l  i ng - - 

FIGURE 
OF MERIT 

0.90 

0.44 

0.38 
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T h e  s u r f a c e  tens ion  systems considered up t o  t h i s  po in t  
have been the type w i t h  designs t e s t a b l e  i n  a l-g environment. 
Since a low-g des ign  s u r f a c e  t ens ion  system could a l s o  be employed 
f o r  t h e  three re fe rence  missions,  t he  e f f e c t  on r a t i n g  wi th  t h i s  
type of system w a s  determined, The r e s u l t a n t  r a t i n g  f a c t o r  f o r  
t e s t a b i l i t y  changed from 1 - 0  t o  0 - 7 .  Using t h e  20% t e s t a b i l i t y  
weight ing f a c t o r ,  t h e  r a t i n g  factor-weight ing f a c t o r  product  dropped 
from 0.20 t o  0.14, which produced a f i g u r e  of m e r i t  f o r  low-g de- 
s i g n  s u r f a c e  t ens ion  systems of 0.835 f o r  Mission A I ,  0.840 f o r  
Mission A2, and 0.870 f o r  Mission B. 
comparable d i r e c t l y  wi th  those  shown i n  Table VI-9.  This  assess- 
ment shows t h a t  a low-g design s u r f a c e  tens ion  system s t i l l  rates 
f i r s t  above a l l  t h e  o t h e r  candidates  on a l l  t h r e e  missions w i t h  
a r a t i n g  t h a t  i s  h ighe r  than the  second b e s t  system by 20% on Mis- 
s i o n  A I ,  18% on Mission A 2 ,  and 58% on Mission B e  

These f i g u r e s  of m e r i t  are 

A . d i f f e r e n t  ope ra t ions  r e sea rch  approach f o r  eva lua t ing  
m u l t i p l e  outcomes w a s  a l s o  used t o  determine i f  any apprec iab le  
s h i f t  i n  r a t i n g s  would occur .  The Bridgeman method (Ref VI-2), as 
presented  by Miller and S t a r r  (Ref VI-3), which uses t h e  product  
of the powers w a s  employed. The f i g u r e  of m e r i t  i s  obta ined  from: 

FOM = (RFl) WF1 (RF2) WF2 

where FOM i s  t h e  f i g u r e  of m e r i t ,  RF1, RF29 e tc ,  are t h e  r a t i n g  
f a c t o r s  f o r  each category,  and WFlp WF2, e tc ,  are t h e  corresponding 
weight ing f a c t o r s .  With t h i s  method, any candida te  system wi th  a 
zero r a t i n g  f a c t o r  i n  any r a t i n g  category au tomat ica l ly  r ece ives  
a zero f i g u r e  of m e r i t .  This  w a s  t he  case f o r  r ing- re inforced  
diaphragms, convoluted s p h e r i c a l  diaphragms, and bellows f o r  both 
Missions A1 and A 2 $  and f o r  convoluted s p h e r i c a l  diaphragms and 
e x t e r n a l  s e t t l i n g  f o r  Mission B.  I n  f a c t ,  t h e  only system t h a t  
rece ived  a f i n i t e  f i g u r e  of merit f o r  Mission B was su r face  t ens ion ,  
The r a t i n g  f a c t o r s  and weight ing f a c t o r s  ob ta ined  from t h e  primary 
r a t i n g  technique were employed; r e s u l t s  ob ta ined  from the  product  
of powers method are presented  i n  Table V I - 1 1 .  Again, changes i n  
re la t ive p o s i t i o n s  from those obtained by t h e  primary r a t i n g  tech- 
nique are minor. 
p o s i t i o n s  a t  the  t h i r d  and fou r th  level  on Mission A , ,  and polymeric 
diaphragms and e x t e r n a l  s e t t l i n g  switched i n  t h e  second and t h i r d  
p o s i t i o n s  on Mission A2., The p e r t i n e n t  r e s u l t ,  however, i s  t h a t  
s u r f a c e  t ens ion  devices  were aga in  r a t e d  f i r s t  by a l a r g e  margin 
f o r  a l l  t h r e e  miss ions ,  I n  comparison t o  the  second b e s t  system, 
s u r f a c e  t ens ion  w a s  h ighe r  by 39% on Mission A1 and 31% on Mission 
A2. With t h i s  method, s u r f a c e  t e n s i o n  w a s  t h e  only candida te  f o r  
Mission B ,  as mentioned previous ly ,  and rece ived  a h igh  f i g u r e  
of merit  (0,935) 

Die l ec t rophores i s  and cap i l l a ry /be l lows  exchanged 
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Table VI-11 Ratings w i t h -  Bridgeman Method 

VI-29 

I 

iATING 

MISSION A i  

ACQUISITION 
METHOD 

Surface 
Tension 

External 
Set t l ing 

Dielectro- 
phoresis 

Capillary/ 
Bel 1 ows 

FIGURE 
OF MERIT 

0.885 

0.639 

0.598 

0.576 

MISSION A2 

ACQUI S IT1 ON 
METHOD 

Surface 
Tens i on 

Polymeric 
Diaphragm 

Extern a 1 
Set t l  i ng 

Polymeric 
B1 adder 

Capi 11 ary/ 
Bel 1 ows 

FIGURE 
OF MERIT 

0.892 

0.682 

0.655 

0.650 

0.581 

~ 

MISSION B 

ACQ UI SIT I ON 
METHOD 

Surface 
Tension 

FIGURE 
OF MER17 

0.935 

The r e s u l t s  are n o t  s u r p r i s i n g  when a comparison between 

Bridgeman's approach w a s  developed p r imar i ly  t o  
the  Bridgeman method and t h e  primary r a t i n g  technique us ing  ad- 
d i t i o n  i s  made. 
a l low comparison of numbers having mixed dimensions whi le  main- 
t a i n i n g  dimensional i n t e g r i t y .  However, t he  a d d i t i o n  method i s  
s a t i s f a c t o r y  when dimensions are t h e  same o r  the  f a c t o r s  are non- 
dimensionalized (Ref VI-3) ,  
r a t i n g  technique.  

The l a t t e r  i s  t h e  case i n  the  primary 

These cons ide ra t ions  show t h a t  t he  r a t i n g s  of the  va r ious  
candida te  p r o p e l l a n t  a c q u i s i t i o n  concepts are e s s e n t i a l l y  insen- 
s i t i v e  t o  the  r a t i n g  technique employed. Even the  s t r a igh t fo rward  
comparison of f e a t u r e s  presented  i n  Table VI-4  a n d - t h e  r e l a t i v e  
comparisons by mission made i n  Tables  V I - 6  t h r u  VI-8 show s u r f a c e  
t ens ion  systems t o  be p re fe r r ed .  The r a t i n g  method, supported by 
the  s e n s i t i v i t y  cons ide ra t ions ,  merely q u a n t i t i z e s  t h e  s u r f a c e  
t ens ion  advantage. 

c .  Summary - Surface tens ion  concepts are c l e a r l y  shown by 
t h i s  eva lua t ion  t o  be t h e  b e s t  system f o r  a l l  t h r e e  missions.  
These devices  are a v a i l a b l e  and they  e x h i b i t  good system compati- 
b i l i t y .  
ope ra t ing  on e s t a b l i s h e d  phys ica l  p r i n c i p l e s  r e q u i r i n g  no moving 

Using only t h e  phys ica l  p r o p e r t i e s  of t h e  p r o p e l l a n t s  and 
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p a r t s ,  t h e  s u r f a c e  t ens ion  systems possess  t h e  h ighes t  r e l i a b i l i t y  
of any of t he  candida te  concepts.  They a l s o  provide t h e  least ad- 
d i t i o n  of m a s s  t o  t h e  complete propuls ion system and possess  h igh ly  
v e r s a t i l e  design c h a r a c t e r i s t i c s ,  Since q u a l i f i c a t i o n  t e s t i n g  can 
be conducted wi th  t h e  a c t u a l  f l i g h t  system and p r o p e l l a n t  t o  v e r i f y  
p ioper  opera t ion  of a 1-g t e s t a b l e  s u r f a c e  t ens ion  system, t h i s  
design receives the  maximum r a t i n g  f o r  t e s t a b i l i t y ,  A s u r f a c e  
tens ion  system, designed f o r  the  ope ra t iona l  low-g environment 
only (not  t e s t a b l e  f u l l - s c a l e  i n  l g ) ,  i s  penal ized  somewhat i n  
t e s t a b i l i t y  but  s t i l l  maintains  the  o v e r a l l  p r e f e r e n t i a l  p o s i t i o n  
by a cons iderable  margin when compared t o  o t h e r  a c q u i s i t i o n  con- 
cep t s  * 

The cold gas ,  e x t e r n a l  s e t t l i n g  system w a s  t h e  second-best 
system f o r  a l l  t h r e e  missions even though i t  r a t e d  considerably 
lower than the  s u r f a c e  t ens ion  systems, and’was penal ized  i n  t h e  
areas of r e l i a b i l i t y ,  t e s t a b i l i t y ,  and mass. The cap i l l a ry /be l lows  
device w a s  t h i r d  and f i f t h  i n  t h e  r a t i n g  on Missions A1 and A2,  
r e spec t ive ly .  It r a t e d  low i n  a v a i l a b i l i t y  and w a s  pena l ized  i n  
the  areas of system compa t ib i l i t y  and r e l i a b i l i t y ,  Approximately 
equiva len t  t o  s u r f a c e  t ens ion  systems i n  weight ,  they have a low 
impact on propuls ion  system mass. Die l ec t rophore t i c  systems were 
penal ized  somewhat i n  a l l  ca t egor i e s  and rate f a i r l y  low i n  avail- 
a b i l i t y ,  system compa t ib i l i t y  and r e l i a b i l i t y .  R e l i a b i l i t y  is  down 
because of t he  requirement f o r  a power supply and sequencer.  
cause of t h e  prev ious ly  d iscussed  performance assessment,  t h i s  
system w a s  considered f o r  Missiori A1 only,  and r a t e d  fou r th .  

Be- 

Polymeric diaphragms and b l adde r s ,  considered f o r  Mission 
A2 only,  r a t e d  t h i r d  and f o u r t h ,  r e spec t ive ly .  They rece ived  some 
penal ty  i n  a l l  areas except  a v a i l a b i l i t y .  L imi t a t ions  occurred 
p r imar i ly  i n  r e l i a b i l i t y  and design v e r s a t i l i t y .  Bladders rate 
lower than diaphragms because of d i f f e r e n c e s  i n  t e s t a b i l i t y  and 
expuls ion e f f i c i e n c y  e 

Ring-reinforced diaphragms rate lower wi th  a conospher ica l  
tank than wi th  a s p h e r i c a l  tank because of t h e  l a r g e r  niass of t h e  
conospheroid. The candida te  system considered included a cryo- 
formed 301 s t a i n l e s s  s teel  tank. It  w a s  given a zero f o r  system 
compa t ib i l i t y  because of t h e  permanent magnet p r o p e r t i e s  d i scussed  
ear l ier .  I f  a r e g u l a r  s t a i n l e s s  steel tank had been considered,  
t he  device would have r a t e d  no h ighe r  than f o u r t h  o r  f i f t h  on 
Mission A l o  and f i f t h  o r  s i x t h  on Mission A 2 .  
b i l i t y  r a t i n g  would have increased  bu t  t he  mass r a t i n g  would have 
decreased because of a d d i t i o n a l  tank weight ,  Thus, t h i s  change 
would have no impact on s e l e c t i o n  of t h e  p r e f e r r e d  system. 

The system compati- 
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t 

Bellows r e c e i v e d  t h e  maximum mass p e n a l t y  on Miss ions  A1 
and A2 because  t h e y  were t h e  h e a v i e s t  c a n d i d a t e  cons idered  f o r  
t h e s e  m i s s i o n s .  
Miss ion  B f o r  t h e  same reason .  

E x t e r n a l  s e t t l i n g  r e c e i v e d  a zero  mass r a t i n g  on 

Convoluted s p h e r i c a l  diaphragms, having  only  a s i n g l e  re- 
versal  (one-half  c y c l e )  c a p a b i l i t y ,  r a t e d  low f o r  a l l  m i s s i o n s .  
They ra te  low i n  a v a i l a b i l i t y ,  system c o m p a t i b i l i t y ,  and r e l i a b i l -  
i t y ,  and were g iven  a zero  r a t i n g  i n  t e s t a b i l i t y  because t h e y  must 
b e  q u a l i f i e d  on a s t a t i s t i c a l  b a s i s  on ly .  R e l i a b i l i t y  i s  somewhat 
h i g h e r  f o r  Mission B because  only  one b l a d d e r  o r  diaphragm i s  re- 
q u i r e d  f o r  t h e  one-tank system. 

I n  summary, s u r f a c e  t e n s i o n  d e v i c e s  are t h e  p r e f e r r e d  pro- 
p e l l a n t  a c q u i s i t i o n  concept  f o r  a l l  t h r e e  m i s s i o n s ,  w i t h  an  ex- 
t e r n a l  s e t t l i n g  system r a t e d  second f o r  Miss ions  A1 and A2. Be- 
c a u s e  of t h e  wide d i f f e r e n c e  between r a t i n g s  of  t h e  s u r f a c e  t e n s i o n  
d e v i c e  and t h e  second sys tem ( e x t e r n a l  s e t t l i n g )  on Mission B ,  
t h e r e  i s  probably  no real  second,  o r  backup, system p r e s e n t l y  
a v a i l a b l e  f o r  t h i s  miss ion .  

C. PRESSURIZATION SUBSYSTEM 

The p r e s s u r i z a t i o n  s t u d i e s  e n t a i l e d  making s e v e r a l  comparisons 
and t r a d e o f f s  fol lowed by t h e  s e l e c t i o n  o f  a p r e s s u r i z a t i o n  system 
f o r  each of  t h e  t h r e e  m i s s i o n s ,  T h i s  p r o c e s s  i s  shown i n  F i g u r e  
VI-3. H e l i u m  and n i t r o g e n  s tored-gas  systems were t h e  c a n d i d a t e s  
cons idered  f o r  Missions A1 and A2, and he l ium and n i t r o g e n  blow- 
down systems were t h e  c a n d i d a t e s  f o r  Mission B ,  For  Miss ions  A 1  
and AzP t h e  p r e s s u r i z a t i o n  system e v a l u a t i o n  involved  assessment  
of t h e  e f f e c t s  of t y p e  o f  p r e s s u r a n t ,  i n i t i a l  p r e s s u r a n t  s t o r a g e  
c o n d i t i o n s ,  p r e s s u r a n t  i n l e t  t e m p e r a t u r e ,  and p r e s s u r a n t  s t o r a g e  
tank  c o n s t r u c t i o n .  For  t h e  s i n g l e - t a n k  Mission B blowdown system, 
o n l y  e v a l u a t i o n  of  t y p e  o f  p r e s s u r a n t  and s y s t e m , t e m p e r a t u r e  i m -  
p a c t s  w a s  r e q u i r e d .  The e f f e c t s  w e r e  n o t e d  i n  terms of  t h e  impact 
on subsystem mass, r e l i a b i l i t y ,  c o s t  and s c h e d u l e .  The mass com- 
p a r i s o n s  were based  on t h e  r e s u l t s  p r e s e n t e d  i n  Chapter  I V ;  t h e  
o t h e r  comparisons are q u a l i t a t i v e  i n  n a t u r e ,  
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A s  discussed i n  Chapter I V ,  t h e  ca l cu la t ed  p r e s s u r i z a t i o n  sub- 
system weights do n o t  r e f l e c t  e i t h e r  p re s su ran t  leakage o r  solu-  
b i l i t y  i n  the  p r o p e l l a n t s  because,  wi th  t h e  except ion  of n i t rogen  
s o l u b i l i t y  i n  Mission A i ,  n e i t h e r  make a s i g n i f i c a n t  impact on 
weight. For Mission A1 and A,, t h e  mass comparisons considered 
the  type  of p re s su ran t  and p res su ran t  s t o r a g e  cond i t ions .  The 
p r e s s u r i z a t i o n  subsystem m a s s  p resented  i n  F igures  IV-6 and IV-7 
and Tables  IV-5 and IV-7 w e r e  employed. For Mission A i ,  t he  l i g h t -  
es t  n i t rogen  p r e s s u r i z a t i o n  subsystem w a s  approximately 71% heav ie r  
than t h e  l i g h t e s t  helium system of approximately 85 lbm. 

s i o n  A 2 ,  t he  n i t rogen  p r e s s u r i z a t i o n  system w a s  approximately 50% 
heav ie r  than t h e  helium system a t  t h e  nominal p r o p e l l a n t  s t o r a g e  
temperature  of 525'R. I n  Mission A1 and A 2 ,  t h e  l i g h t e s t  system 
mass w a s  obtained wi th  p re s su ran t  s t o r e d  a t  t h e  lowest p r a c t i c a l  
temperature and a t  the  h ighes t  s t o r a g e  p res su res .  For Mission B ,  
t h e  mass comparison considered helium and n i t r o g e n  usages.  A s  
shown i n  Table IV-9 ,  helium provides  a 3-lbm weight advantage over 

n i t rogen ;  t h i s  s m a l l  d i f f e r e n c e  i s  n o t  as s i g n i f i c a n t  as t h a t  f o r  
Missions A1 and A 2 .  
missions d e f i n i t e l y  favor  helium over  n i t rogen  wi th  s t o r a g e  a t  the  
co ldes t  p r a c t i c a l  temperature  and h igh  i n i t i a l  p re s su re .  

For M i s -  

However, t he  mass comparisons f o r  a l l  t h r e e  

The p r e s s u r i z a t i o n  subsystem schematics employed i n  the  evalu- 
a t i o n  were t h e  same f o r  both helium and n i t rogen .  Therefore ,  t he  
impacts r e s u l t i n g  from type of p re s su ran t  were t h e  only consider- 
a t i o n s  included i n  a s ses s ing  system r e l i a b i l i t y  e f f e c t s .  The re- 
s u l t s  of t h e  p r e s s u r a n t  leakage a n a l y s i s ,  p resented  i n  Tables  I V - 1 1  
through IV-13, showed t h a t  helium leakage rate on a volumetr ic  
b a s i s  w a s  almost t h r e e  times g r e a t e r  than t h a t  of n i t rogen .  On 
a mass b a s i s ,  t h i s  r e l a t i o n s h i p  i s  reversed;  however, t h e  t o t a l  
leakage q u a n t i t i e s  of e i t h e r  helium o r  n i t rogen  are no t  s i g n i f i -  
can t .  Q u a l i t a t i v e l y ,  a p r e s s u r i z a t i o n  system us ing  helium would 
be less r e l i a b l e  than  one us ing  n i t r o g e n  because of t h e  g r e a t e r  
tendency f o r  helium t o  leak .  However, helium has  been used exten- 
s i v e l y  i n  both manned and unmanned propuls ion  systems wi th  a high 
degree of success .  The e f f e c t s  of p re s su ran t  s o l u b i l i t y  on system 
r e l i a b i l i t y  might be more s i g n i f i c a n t  than t h a t  of p re s su ran t  leak- 
age due t o  p o s s i b l e  impacts on engine performance. The p res su re  
drop through t h e  p r o p e l l a n t  feed  system can cause p re s su ran t  evo- 
l u t i o n  t h a t  may change p r o p e l l a n t  flow rates and engine mixture  
r a t i o ,  Resul t s  of t h e  p re s su ran t  s o l u b i l i t y  a n a l y s i s ,  p resented  
i n  Table IV-14, show t h a t  t h e  d i f f e r e n c e  between n i t rogen  and 
helium s o l u b i l i t y  ranged from one t o  t h r e e  o rde r s  of magnitude, 
wi th  n i t rogen  being t h e  most so lub le .  Thus, un le s s  t h e  acquis i -  
t i o n  device prec ludes  p re s su ran t  s o l u b i l i t y ,  system r e l i a b i l i t y  



VI-34 
MCR-70-171 

wil l  be degraded more w i t h  n i t r o g e n  than  with helium, It appears  
t h a t  the r e l i a b i l i t y  degrada t ion  of helium due t o  leakage is  o f f -  
set by that of n i t r o g e n  due t o  p re s su ran t  s o l u b i l i t y ,  

- ---_- --- - _ _ ~ _  

Cost and schedule  are r e l a t e d  and are d iscussed  toge the r  be- 
cause any i n c r e a s e  i n  schedule  d i r e c t l y  inc reases  t h e  c o s t .  The 
important  f a c t o r s  a f f e c t i n g  c o s t  and schedule  are component devel-  
opment t i m e ,  l e a k  checking, and engine tes t  and q u a l i f i c a t i o n  t i m e .  
Component development t i m e  i s  a f f e c t e d  p r imar i ly  by component l e a k  
check t i m e .  
i s  no t  a v a i l a b l e ;  helium l e a k  checking equipment has-been usere-x-  
t ens ive ly  and r e q u i r e s  minimum t i m e  f o r  measuring l e a k  rates. 
Nitrogen l e a k  checks invo lve  e i t h e r  bubble-type checks o r  l e a k  
checking wi th  helium and conver t ing  t o  n i t rogen .  I f  n i t rogen  is 
used, t h e  f i n a l  assembled system l e a k  check would have t o  be  con- 
ducted us ing  a tracer gas  o r  o t h e r  methods r e q u i r i n g  a d d i t i o n a l  
t i m e  and c o s t .  Any propuls ion  system us ing  both  n i t rogen  pres-  
s u r i z a t i o n  and a c q u i s i t i o n  devices  t h a t , d o  n o t  prec lude  p res su ran t  
s o l u b i l i t y  would r e q u i r e  a d d i t i o n a l  engine t e s t i n g  t o  determine 
t h e  e f f e c t  of n i t r o g e n  s a t u r a t e d  p r o p e l l a n t s  on engine performance. 
Addi t iona l  engine c o s t  and development t i m e  may be  requi red  t o  cir-  
cumvent o r  e l i m i n a t e  problems due t o  n i t r o g e n  evolu t ion .  
f o r e ,  i t  i s  concluded t h a t  us ing  n i t r o g e n  p r e s s u r i z a t i o n  would 
r e s u l t  i n  increased  propuls ion  system c o s t  and schedule  over t h a t  
f o r  a hel ium p res su r i zed  system, 

Equipment f o r  d i r e c t  measurement of n i t rogen  leakage 

There- 

I n  cons ider ing  number of tanks ,  geometry, and tank construc- 
t i o n ,  t h e  eva lua t ion  made f o r  t h e  p r o p e l l a n t  tanks a l s o  a p p l i e s ,  
i n  gene ra l ,  t o  t h e  p re s su ran t  s t o r a g e  con ta ine r  f o r  Missions A1 
and A2. A s i n g l e  p re s su ran t  s t o r a g e  sphere provides  a p res su r i za -  
t i o n  system t h a t  i s  l i g h t e r ,  less c o s t l y ,  more r e l i a b l e ,  and avail- 
a b l e  i n  a s h o r t e r  t i m e  than  a system us ing  two o r  more tanks w i t h  
e i t h e r  s p h e r i c a l  o r  c y l i n d r i c a l  geometry, The lower s u r f a c e  area 
and l i n e  and j o i n t  requirements r e s u l t  i n  a lower leakage poten- 
t i a l .  
t i t an ium which provides  a low tank  weight.  

The p r e f e r r e d  p r e s s u r a n t  s t o r a g e  tank  material4.s 6AR-4V 

Composite tanks w e r e  a l s o  considered f o r  use as t h e  4000-psia 
An o b l a t e  spheroi’d f a b r i c a t e d  wi th  

6-lbm 
p res su ran t  s t o r a g e  con ta ine r .  
a 10-mil t i t an ium l i n e r  and earbon/epoxy overwrap showed a 

weight s av ings  i n  comparison t o  t h e  

f o r  Mission A2.  These weights  are f o r  
t h e  tank  only;  they do n o t  i nc lude  a weight assessment f o r  welds,  
a t tachments ,  o r  p e n e t r a t i o n s .  A s  w i t h  t h e  p r o p e l l a n t  tanks when 

53-lbm, 6AR-4V t i t an ium sphere  

Tank volume was 2,38 f t 3 ,  
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attachments are considered,  any weight sav ings  would be small. 
In  add i t ion ,  metal tanks are p r e f e r a b l e  from r e l i a b i l i t y ,  schedule ,  
cos t  and s ta te -of - the-ar t  cons ide ra t ions .  Mart in  Marietta i s  p r e s -  
e n t l y  i n v e s t i g a t i n g  composite tanks f o r  2.500-psia s e r v i c e  under 
c o n t r a c t  t o  NASA-LeRC, b u t  t o  our  knowledge, no composite tanks 
have been developed f o r  use 2 .  '900 p s i a .  Also,  composite tanks 
may be  l i m i t e d  i n  ope ra t ing  i - x q e r a t u r e  range by the  l a r g e  d i f f e r -  
ence between c o e f f i c i e n t s  of thermal expansion of t h e  metal l i n e r  
and t h e  composite overwrap material. This  l i m i t a t i o n  could e l i m -  
i n a t e  t h e  use  of composite tanks a t  cryogenic temperatures and 
impair  t h e i r  use f o r  high p res su re  s t o r a g e  a t  ambient temperature 
because temperature  drops of 100°F could occur during expansion 
from high  s t o r a g e  p res su res .  However, a t i t an ium l i n e r  may pre- 
s e n t  less of a problem i n  t h i s  regard  than  o t h e r  l i n e r  metals. 

Based upon t h e  above eva lua t ion ,  helium i s  t h e  p r e f e r r e d  pres-  
s u r a n t  f o r  a l l  t h r e e  missions.  For Missions A1 and A 2 $  t h e  helium 
should be  s t o r e d  a t  t h e  nomirial p r o p e l l a n t  temperature (250"R f o r  
A1 and 500'R f o r  A2) wi th  an i n i t i a l  p re s su re  of 4000 ps i a .  The 
r e s u l t i n g  tank  i n l e t  temperatures are near  t h e  nominal p r o p e l l a n t  
temperature.  The p res su ran t  s t o r a g e  tanks f o r  Mission A1 and A2 
should be a s i n g l e  sphere cons t ruc ted  of 6AR-4V t i tanium. 

D. SELECTED PROPULSION SUBSYSTEMS 

Based on t h e  subsystem eva lua t ions  presented  i n  the  previous 
s e c t i o n s  of t h i s  chapter ,  p ropuls ion  systems were s e l e c t e d  f o r  
each of t he  t h r e e  r e fe rence  missions under cons i se ra t ion ,  For 
Mission A I ,  t h e  s e l e c t e d  propuls ion  system inc ludes  helium pres-  
s u r a n t  s t o r e d  a t  250"R wi th  an i n i t i a l  p re s su re  of 4000 p s i a  i n  
a s i n g l e  metal sphere  cons t ruc ted  of 6AR-4V t i t an ium,  two sphe r i -  
cal  p r o p e l l a n t  tanks coqs t ruc ted  of 2219 aluminum (one f o r  OF2 
o x i d i z e r  and one f o r  B2Hg f u e l ) ,  and an aluminum s u r f a c e  t ens ion  
p r o p e l l a n t  a c q u i s i t i o n  system. A s i m i l a r  system was s e l e c t e d  f o r  
Mission A2 wi th  t h e  d i f f e r e n c e s  a t t r i b u t a b l e  t o  t he  p rope l l an t  
combination change. The s e l e c t e d  Mission A2 propuls ion  system 
employs helium p res su ran t  s t o r e d  a t  500"R wi th  an i n i t i a l  pres-  
s u r e  of 4000 p s i a  i n  a s i n g l e  metal sphere  cons t ruc ted  of 6AR-4V 
t i tan ium,  two s p h e r i c a l  p r o p e l l a n t  tanks cons t ruc ted  of 6AR-4V 
t i t an ium (one f o r  N2O4 o x i d i z e r  and one f o r  CH3N2H3 f u e l ) ,  and a 
t i t an ium s u r f a c e  t ens ion  p r o p e l l a n t  a c q u i s i t i o n  system. Helium 
p res su ran t  w a s  a l s o  s e l e c t e d  f o r  t h e  s i n g l e  tank Mission B mono- 
p r o p e l l a n t  propuls ion  system. A t i t an ium s u r f a c e  t ens ion  propel-  
l a n t  a c q u i s i t i o n  system i s  contained i n  t h e  s p h e r i c a l  6AR-4V 
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t i tan ium tank.  
and i n i t i a l  system p res su re  i s  350 p s i a .  
w t  percent  N ~ H L + / N ~ H ~ N O ~ .  
i s  i temized i n  Table V I - 1 2 .  

The p res su ran t  and p r o p e l l a n t  temperature i s  500"R 
The p r o p e l l a n t  i s  75/25 

Mass of t h e  s e l e c t e d  propuls ion  systems 

Table VI-12 Mass Summary for Selected Propulsion Systems 

Pressuri zati  on Subsys tern 
Propellant Tank  Subsystem 
Propel lant  Acquisition 
Subsys tern (Uevi ce Only) 
Propel 1 ants 

Total System 

MISSION 

1080 I 1434 I 135 

I Mote: Line, valve,  and engine weights are not included - 

A s  d i scussed  i n  t h e  previous s e c t i o n s ,  t h e  s e l e c t e d  systems pro- 
v ide  advantages i n  mass, r e l i a b i l i t y ,  cos t  and schedule  over t h e  

' o t h e r  combinations considered.  These b e n e f i t s  accrue  from changes 
i n  t h e  b a s e l i n e  propuls ion  system schematics f o r  Missions A 1  and A2 
(Figures  11-3 and 11-4). 
s i n g l e  p re s su ran t  tank and two p r o p e l l a n t  tanks f o r  t h e s e  missions.  
No change w a s  r equ i r ed  i n  t h e  b a s e l i n e  propuls ion  system schematic  
f o r  Mission B (Figure 11-5). 

The changes r e f l e c t  t h e  s e l e c t i o n  of a 

The r ev i sed  schematic f o r  Mission A 1  i s  shown i n  F igure  V I - 4 .  
Two check va lves  are included i n  t h e  p r e s s u r i z a t i o n  l i n e  t o  each 
p rope l l an t  tank f o r  p r o p e l l a n t  migra t ion  con t ro l .  Considerable  
s i m p l i f i c a t i o n  w a s  ob ta ined  i n  t h e  p r o p e l l a n t  f e e d l i n e  system i n  
comparison t o  t h e  b a s e l i n e  schematics .  I n  p a r t i c u l a r ,  t h e  need 
f o r  complicated three-way p r o p e l l a n t  i s o l a t i o n  valves-was e l i m -  
i n a t e d  i n  going t o  t h e  two-tank conf igura t ion .  

The r ev i sed  propuls ion  system schematic  f o r  Mission A2  is  pre-  
sen ted  i n  Figure VI-5 .  It d i f f e r s  from t h e  b a s e l i n e  schematic 
pr imar i ly  i n  t h e  p re s su ran t  s t o r a g e  and c o n t r o l  assembly; wi th  one 
p res su ran t  s t o r a g e  tank ,  only one r e g u l a t o r  and one set of pres -  
su ran t  i s o l a t i o n  va lves  are requi red .  Two check va lves  were in-  
cluded, as i n  t h e  Mission A 1  system, f o r  p r o p e l l a n t  migra t ion  con- 
t r o l .  
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Legend : - 

a F i l t e r  

Regulator 

a Pressure Transducer 

Check Valve 

0- Temperature Transducer 

-0- 

& 
Explosive Valve, Normally Open (N/O) 
Normally Closed ( N / C )  

Manual Valve w i t h  Capped Port 

Burst/Relief Valve 

Trim Orifice 9 to  Space 

& Pressure Operated Valve 

Three-way Solenoid Valve with Vent 

- 

P M P  Pressure Operated Bipropellant Valve 
~~ 

- 

Thrust Chamber 

Figure VI-4 Revised Propulsion System Schematic f o r  Mission A, 
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F i l t e r  

Regulator 

Pressure Transducer 

Check Valve 

Temperature Transducer 

Explosive Valve, Normally Open ( N / O )  
:lormally Closed ( N / C )  

Yanual Valve w i t h  Capped Por t  

Burst/Relief Valve 

Trim Orifice 

Solenoid Operated Bipropellant Valve 

Thrust Chamber 

__. 

Figure VI-5 Revised Propulsion System Schematic f o r  Mission A, 
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The explosively-actuated i s o l a t i o n  va lve  package used f o r  
both t h e  Mission A1 and A2 systems inc ludes  two normally-open and 
three  normally-closed valves .  One of these  packages i s  used f o r  
pressurant  i s o l a t i o n  on both Missions A1 and A 2 .  I n  add i t ion ,  the  
Mission A2 system inc ludes  two of t h e  valve packages f o r  propel-  
l a n t  i s o l a t i o n ,  as shown i n  Figure VI-5.  The sequence of opera- 
t i o n  of these  i s o l a t i o n  valve packages i s  shown i n  Figure VI-6. 
Whenever the  i s o l a t i o n  valve package i s  l e f t  open between engine 
burns,  t he  r egu la to r  maintains p rope l l an t  tank pressure  a t  350 
p s i a  and p rope l l an t  i s  i s o l a t e d  from t h e  engine by the  engine b i -  
p rope l l an t  valve.  For Mission A l ,  a f t e r  every burn t h e  propel- 
l a n t  i s  always i s o l a t e d  from the  engine by t h e  pressure-actuated 
f eed l ine  valves .  

SOURCE 

REC EIV ER 

N/O #2 

N/O #1 

EVENT 

S t a r t  lSt Midcourse 
End lSt Midcourse 
S t a r t  Znd Midcourse 
End Znd Midcourse 
S t a r t  O r b i t  I n s e r t i o n  
End O r b i t  I n s e r t i o n  
S t a r t  1'' O r b i t  Trim 
End lSt O r b i t  Trim 
S t a r t  Znd Orbit Trim 
End Z n d  O r b i t  Trim 
S t a r t  3rd Orbit Trim 

EVENT TIME 
(DAYS) 

L + 5  

L + 160 

L + 180 

L + 181 

L + 225 

L + 270 

EXPLOSIVE 
iALVE OPERATION I 

Open N/C #1 
Close N/O #1 
Open N/C #2 

Close N/O #2 
Open N / C  #3 

Figure VI-6 Operat ional  Sequence for Explosively-Actuated I s o l a t i o n  Valve 
Packages, Missions A I  and A2 
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V I I ,  INFLUENCES OF POSSIBLE CHANGES I N  M I S S I O N  CRITERIA 

V I I - 1  

? 

Five areas w e r e  considered i n  q u a l i t a t i v e l y  eva lua t ing  the  
impact of var ious  changes i n  mission c r i te r ia  and propuls ion  
s y s  t e m  requirements on t h e  s e l e c t i o n  of p rope l l an t  acqus i t i on  
systems. These areas were: (1) P rope l l an t  Change E f f e c t s ,  (2)  
P rope l l an t  Tank Design Considerat ions,  (3 )  Propuls ion System 
Duty Cycle E f f e c t s ,  ( 4 )  P r e s s u r i z a t i o n  System E f f e c t s ,  and (5) 
S t e r i l i z a t i o n  E f f e c t s  a 

A. PROPELLANT CHANGE EFFECTS 

Two p r o p e l l a n t  changes w e r e  considered i n  the  eva lua t ion .  
These changes cons i s t ed  of r ep lac ing  the  monomethylhydrazine i n  
Mission A2 w i th  n e a t  hydrazine and using n e a t  hydrazine i n  M i s -  
s i o n  B i n  p l ace  of n i t r a t e d  hydrazine.  The e f f e c t s  of t hese  
changes are d iscussed  i n  the  fol lowing paragraphs 

1. Propu ls ion  System Requirements 

I n  o rde r  t o  eva lua te  t h e  e f f e c t  of t he  p r o p e l l a n t  changes on 
the  p rope l l an t  a c q u i s i t i o n  system s e l e c t i o n s ,  new p r o p e l l a n t  
tank volumes and flow rates were ca l cu la t ed  f o r  each change. For 
Mission A2, two d i f f e r e n t  approaches were considered i n  c a l c u l a t -  
i ng  new volumes f o r  t h e  new p r o p e l l a n t  combination: (1) a mix- 
t u r e  r a t i o  w a s  s e l e c t e d  t o  provide equal  volume tanks wi th  a sub- 
sequent  degradat ion i n  s p e c i f i c  impulse;  ( 2 )  a mixture  r a t i o  w a s  
s e l e c t e d  f o r  maximum s p e c i f i c  impulse. I t  w a s  found t h a t  use of 
t h e  optimum mixture  r a t i o  r e s u l t e d  i n  the  g r e a t e r  v a r i a t i o n  i n  
tank volumes from the  b a s e l i n e  mission requirements.  Therefore ,  
t he  optimum mixture r a t i o  w a s  used t o  eva lua te  t h e  e f f e c t  of t h e  
p r o p e l l a n t  change s i n c e  t h i s  presented  the  worst-case s i t u a t i o n ,  

For Mission B,  t he  degraded s p e c i f i c  impulse w a s  ob ta ined  
from Rocket Research Corporat ion (Ref VII-1). The o t h e r  parame- 
ters used t o  s i z e  t h e  p r o p e l l a n t  tanks ( t o t a l  impulse, u l l a g e  
volumes, and p r o p e l l a n t  margins) i n  Mission A2 and B were t h e  
same f o r  both b a s e l i n e  and modified cases. Table VII-1 compares 
t h e  new tank volumes wi th  t h e  b a s e l i n e  va lues  f o r  both Missions A2 
and B ,  New p rope l l an t  f low rates were a l s o  computed f o r  t h e  pro- 
p e l l a n t  change, assuming t h e  same t h r u s t  as t h e  b a s e l i n e s  va lues ;  
t hese  are a l s o  included i n  Table VII-1. 
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Table  VII-1 Effects of  Changing P rope l l an t s  on Basel ine 
Propu 1 si  on Sys tern 

P r o p e l l a n t  Combination 

(Vac) 1 bf-sec/lb, 

Mixture Rat io  
Total  P r o p e l l a n t ,  lb, 

--- ISP - 

Fuel, l b m  

Oxi d i  z e r ,  1 bm 

Volume Fuel Tank, ft3 
Vol urne Oxi di  zer Tank, 

Propel 1 a n t  F1 ow Rate 
f t 3  

Fuel, 1 b,/sec 

Oxi di  zer, 1 brn/sec 

MISSION A:, 
BASELINE 

N 2 04/MMH 

298 

1.55 

1434 

562 

87 2 

11.25 

11.25 

0.405 

0.630 

..- 
MODIFIED 

N 2  O 4 / N Z H 4  

2 96 

1.0 
1404 

702 

702 

12.1 

8.36 

0.507 

0.507 

MISSION B 
BASEL I N E  

N2H4 
( n i  t r a t e d )  
255 

-- 
135 

135 

-- 
3.86 

-- 

0.098 

-- 

MODI F1 ED 

N2H4 

230 

-- 
149 

149 

-- 

4.68 

-- 

0.108 

-- 

From the  p r o p e l l a n t  tank volume d a t a  given i n  Table  V I I - 1 ,  
i t  can be  seen t h a t  t h e  f u e l  tank volume inc reased  7.5% and t h e  
o x i d i z e r  tank volume decreased 25.7% f o r  Mission A, by changing 
t h e  p r o p e l l a n t  from monomethylhydrazine t o  n e a t  hydrazine.  For 
Mission B,  t he  f u e l  tank  volume increased  21%. However, i f  
s p h e r i c a l  tanks are used f o r  each mission, t he  changes i n  tank 
r ad ius  from the  b a s e l i n e  va lues  are: 

Mission A2 Fuel  Tank +0.3 i n ,  
Oxid izer  Tank -1.6 i n ,  

Mission B Fuel  Tank +0.7 i n .  

These r a d i i  changes are i n s i g n i f i c a n t  i n  regard  t o  t h e  geometric 
cons ide ra t ions  i n  the  s e l e c t i o n  of a p r o p e l l a n t  a c q u i s i t i o n  sys- 
t e m .  
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2. Operational Effects on the Propellant Acquisition Device 

VII-3 

An investigation of the effect of the proposed propellant 
changes upon the characteristics of the various acquisition de- 
vices was conducted to determine any possible operational limi- 
tations or constraints, 

The representative surface tension system design used for 
comparative purposes for both Missions A2 and B consists of a 
coverplate and annulus forming a propellant trap. The main func- 
tion of the annulus is to provide gas-free propellant flow to 
the tank outlet port during engine operation, Therefore, the 
annulus design (annulus gap size and screen pore size) is a di- 
rect function of the propellant physical properties (surface 
tension, density, and viscosity), propellant outflow rate, and 
acceleration environment. The coverplate retains sufficient 
propellant at the tank outlet to feed the engine through the an- 
nulus during engine start periods. The retention capability of 
the coverplate depends upon the capillary pore size which is a 
function of the propellant properties. Therefore, for any propel- 
lant change in Missions A2 and B, minor design changes could be 
incurred depending on the magnitude of the physical property and 
flow rate changes. Comparison of the physical properties affect- 
ing the surface tension system design indicates little change 
(Table 11-3). The propellant flow rate variation, shown in Table 
VII-1, is also small. Finally, the total propellant mass change, 
indicated in Table VII-1, is negligible so that the vehicle ac- 
celeration level is essentially the same for baseline and modified 
cases. Considering a l l  of these factors, no major redesign of the 
surface tension system hardware would be required, 

Another operational factor influenced by the propellant change 
is the time required to settle the main propellants. The required 
settling time is defined by Equation [111-161. Assuming constant 
thrust, no appreciable change in settling time would be required 
since both the propellant mass and tank dimensions do not change 
significantly for either Mission A2 or B as a result of the pro- 
pellant change. 

For bladder or diaphragm operation, there would be no effect 
due to propellant physical property or flow rate change. Factors 
that affect these devices are mainly tank size and operating 
pressure; neither are significantly affected by the propellant 
change 
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3,  S t o r a b i  1 i t y  and Compati b i  1 i t y  

P resen t ly ,  t h e r e  are no long-term material compa t ib i l i t y  
d a t a  f o r  t i m e s  approaching the  Mission B durat ion.  Therefore,  
any cons idera t ion  of compat ib l i ty  f o r  a 10-yr pe r iod  w i l l  con- 
t a i n  u n c e r t a i n t i e s  s i n c e  i t  must be based on a v a i l a b l e  s to ra -  
b i l i t y  and compa t ib i l i t y  d a t a  f o r  much s h o r t e r  t i m e  pe r iods .  

From d a t a  presented  i n  References 111-54 and 111-55, t h e  
major s t o r a g e  pfoblem as soc ia t ed  wi th  hydrazine f u e l s  i s  one of 
acce le ra t ed  f u e l  decomposition caused by c a t a l y t i c  ac t ion .  For 
t h e  t h r e e  types of hydrazine f u e l s  considered (monomethylhydra- 
z ine ,  n i t r a t e d  hydrazine,  and n e a t  hydrazine) ,  s e n s i t i v i t y  t o  
c a t a l y t i c  decomposition varies. The most s t a b l e  of t h e  t h r e e  
f u e l s  i s  monomethylhydrazine; t h e  l eas t  s t a b l e  i s  n i t r a t e d  hydra- 
z ine.  The n i t r a t e d  hydrazine r ap id ly  decomposes when i n  con tac t  
wi th  any c a t a l y t i c  material whi le  nea t  hydrazine and monomethyl- 
hydrazine may be s t o r e d  w i t h  mi lder  c a t a l y s t s ,  such as s t a i n l e s s  
s teel ,  wi th  only a s l i g h t  i nc rease  i n  decomposition rates. Thus, 
replacement of t he  monomethylhydrazine i n  Mission A2 by n e a t  
hydrazine l eads  t o  a more uns tab le  s t o r a g e  condi t ion ,  whi le  re- 
p l ac ing  n i t r a t e d  hydrazine wi th  n e a t  hydrazine on Mission B would 
create a more s t a b l e  s t o r a g e  s i t u a t i o n .  

I I n  o rde r  t o  eva lua te  t h e  hydrazine f u e l  decomposition problem 
the  p r o p e l l a n t  tank p res su re  rise r e s u l t i n g  from decomposition 
or' t h e  n i t r a t e d  hydrazine used i n  Mission B w a s  es t imated .  
n i t r a t e d  hydrazine blend w a s  s e l e c t e d  f o r  a n a l y s i s  because i t  i s  
the  most uns t ab le  of t h e  t h r e e  hydrazine f u e l s  and because the  long 
dura t ion  of Mission B p r e s e n t s - t h e  worst--Gke. 
i n g  decomposition d a t a  i n d i c a t e d  t h a t  no information w a s  availa- 
b l e  f o r  t h e  Mission B f u e l  blend. However, Thiokol Chemical 
Corporation (Ref VII-2 and VII-3) i n v e s t i g a t e d  t h e  decomposition 
of o t h e r  n i t r a t e d  hydrazine f u e l  blends wi th  va r ious  materials. 
From these  re ferences ,  a method f o r  e s t ima t ing  the  p r o p e l l a n t  
tank p res su re  rise due t o  f u e l  decomposition w a s  ob ta ined .  This  
method w a s  employed us ing  the  Mission B t i t an ium tank and mission 
dura t ion  w i t h  a f u e l  blend of s l i g h t l y  lower ~- hydrazine ~ n i t r a t e  
content  than  the  b a s e l i n e  p r o p e l l a n t ,  The a n a l y s i s  i s  no t  p re -  
sented h e r e  because of t h e  c l a s s i f i e d  n a t u r e  of t h e  information.  
The r eade r  i s  r e f e r r e d  t o  t h e  two Thiokol r e fe rences  i f  d e t a i l s  
are des i r ed ,  ?;he r e s u l t s  of t h e  estimate showed t h a t  t h e  tank 
pressure  rise due t o  p r o p e l l a n t  decomposition would be less than  
10 p s i  over t h e  10-year mission.  
produce a h ighe r  p re s su re  r ise;  however, t h e  i n c r e a s e  would s t i l l  
be less than  10 p s i ,  Therefore ,  i t  w a s  concluded t h a t  long t e r m  
p rope l l an t  decomposition, and t h e  r e s u l t i n g  p res su re  rise, would 
not p re sen t  a major problem i n  t h e  des ign  of a p r o p e l l a n t  system 
using t i t an ium tanks .  

The 

~ 

A review of e x i s t -  

- -  

The Mission B f u e l  would probably 
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B.  PROPELLANT TANK DESIGN CONSIDERATIONS 

VII-5 

The purpose of t h i s  s tudy area w a s  t o  determine i f  changes 
i n  p rope l l an t  tank s i z e s  o r  conf igu ra t ions  could s i g n i f i c a n t l y  
in f luence  the  design o r  s e l e c t i o n  of p r o p e l l a n t  a c q u i s i t i o n  sys- 
t e m s .  Various aspects of p r o p e l l a n t  tank design are d iscussed  
i n  the  fol lowing paragraphs.  

1. Tank Volume Effect 

I n  o rde r  t o  determine volume l i m i t s ,  two ground r u l e s  w e r e  
u t i l i z e d  i n  the  i n v e s t i g a t i o n :  

sec w a s  assumed f o r  Mission A 1  and A 2 ;  (2) t h e  use of t h e  Viking 
O r b i t e r  propuls ion  envelope (Figure 11-1) w a s  requi red  as a pack- 
age l i m i t a t i o n  s 

(1) a t o t a l  impulse of l o 6  l b  f-  

For t h e  t o t a l  impulse s p e c i f i e d  above, tank volumes using 
Mission A 1  and A2 p r o p e l l a n t  combinations w e r e  computed. The 
s p e c i f i c  impulse, mixture  r a t i o ,  u l l age ,  and p r o p e l l a n t  margins 
used i n  t h e  c a l c u l a t i o n  w e r e  t h e  b a s e l i n e  va lues .  The c a l c u l a t e d  
p r o p e l l a n t  m a s s  and volumes are presented  i n  Table VII-2 f o r  'com- 
pa r i son  wi th  the  b a s e l i n e  va lues  shown. The d i f f e rence  i n  ac- 
c e l e r a t i o n  l e v e l s  r e s u l t i n g  from the  a d d i t i o n a l  p r o p e l l a n t  i s  
a l s o  given. However, t h e  a c c e l e r a t i o n  change i s  due only t o  
added p r o p e l l a n t  m a s s  and does no t  inc lude  increased  tankage 
weights  due t o  t h e  volume inc rease .  

\ 

Table VII-2 Propel lan t  System Changes Resulting from a Total  
Impulse Increase t o  106 lb f - sec  

Total  P rope l l an t ,  lbm 

Fuel,  lbm 

Oxidizer 1 bm 

Volume Fuel Tank, f t 3  
Vol ume Oxi d i  z e r  Tank, 
f t 3  

G-Level 
Full Propel 1 a n t  
Tanks 
Empty Propel lan t  
Tanks 

MISSION A i  1 MISSION A? 1 
3ASEL I NE 

1080 

270 

810 

9.92 

9.92 

0.133 

0.156 

I 

YODIFIED I BASELINE 

2860 1434 

715 5 62 

2 145 87 2 

24.6 11.25 

24.6 11.25 

0.108 0.04 

0.15 0.05 

MODIFIED 

3795 

1485 

2310 

27 .8  

27.8 

0.031 

0.047 
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I n  o rde r  t o  i n v e s t i g a t e  packaging problems, Mission A, tank 
volumes f o r  1061bf-sec were used because t h e s e  volumes were l a r g e r  

than those r equ i r ed  by Mission A l .  Two s p h e r i c a l  tanks,  45 i n .  
i n  diameter w i th  a 27.8-ft3 volume, could n o t  be used s i n c e  they 
w i l l  n o t  f i t  w i t h i n  the  envelope. C y l i n d r i c a l  tanks wi th  hemi- 
s p h e r i c a l  domes having a 27.8-ft3 volume could be packaged i n t o  
t h e  envelope as i l l u s t r a t e d  i n  Figure V I I - 1 .  The en larged  cono- 
sphero id  tanks f o r  r ing- re inforced  diaphragms could not  be used 
s i n c e  engine i n t e r f e r e n c e  occurred.  

7-- 7 

I 
I 

\ 
\ 

PRESSURANT 
TANK VOLUM5 
= 2615 in. 

PROPELLANT 
TANK VOLUME 
= 48,000 i n e 3  

I 

Since s p h e r i c a l  o r  conospher- 
i ca l  tanks create packaging d i f -  
f i c u l t i e s ,  r ing- re inforced  dia- 
phragms could n o t  be used f o r  
t h e  increased  t o t a l  impulse case. 
Polymeric b ladders  o r  diaphragms 
could be used; howevero some re- 
design would be necessary  t o  ac- 
count f o r  changes i n  length-to- 
diameter r a t i o s .  Use of s u r f a c e  
t ens ion  systems are no t  a f f e c t e d  
by tank geometry changes and are, 
t h e r e f o r e ,  a d e s i r a b l e  s o l u t i o n ,  
Resizing of t r a p  volumes might 
be requi red ,  bu t  t h i s  i s  not  a 
redes ign  of t h e  b a s i c  system. 

2 .  Series Versus Parallel T,ank- 
&!E 

I f  m u l t i p l e  tanks are em- 
ployed, two methods of manifold- 
i ng  o r  plumbing t h e  tanks to- 
ge the r  are a v a i l a b l e .  S e r i e s  
tankage i s  a feed  system such 
as t h a t  used i n  the  Apollo Serv- 
ice  Module where one p r o p e l l a n t  
tank  expels  i n t o  a second tank 
t h a t ,  i n  t u r n g  feeds  the  engine.  
Paral le l  tanks r e f e r  t o  a system 
wi th  t h e  tank o u t l e t s  manifolded 
toge the r  i n  a common l i n e  t h a t  
feeds  the  engine.  F igure  VII-2 
schemat ica l ly  shows the  d i f f e r -  
ences  between series and para l -  
l e l  arrangements.  The series 
tankage arrangment i s  i n h e r e n t l y  
s impler  because p re s su ran t  gas 
need be added only t o  t h e  f i r s t  
tank 

L-- - - - d 
Figure VII-1 Cylindrical Tank Arrangement 

for a Total Impulse o f  l o6  1 b p e c  
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SERIES 
TANKAGE 
ARRANGEMENT 

F i g u r e  VII-2 Comparison o f  S e r i e s  and P a r a l l e l  Tank Arrangements 
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When p r o p e l l a n t  i s  completely d isp laced  from t h e  f i r s t  tank, t h e  
p re s su ran t  travels through t h e  cross-over l i n e  t o  the  second tank. 
I n  t h e  p a r a l l e l  arrangement, both p r o p e l l a n t  tanks must be pres-  
s u r i z e d  s imultaneously - Furthermore, t h e  p a r a l l e l  tanks r e q u i r e  
a balancing of both tank p res su re  and f e e d l i n e  p re s su re  drop i n  
o rde r  t o  a s su re  equal  p r o p e l l a n t  de l ive ry  from each tank. There- 
f o r e ,  i t s  p r o p e l l a n t  feed  system i s  more complex. However, para l -  
l e l  tanks do provide b e t t e r  c o n t r o l  of center-'of-gravity s h i f t s  
during p r o p e l l a n t  expuls ion.  

With s u r f a c e  tens ion  p r o p e l l a n t  a c q u i s i t i o n  systems, t h e  
series tankage arrangement would gene ra l ly  provide g r e a t e r  expul- 
s i o n  e f f i c i e n c y  because only one p r o p e l l a n t  t r a p  i s  requi red .  
The s i n g l e  t r a p  requirement i s  a r e s u l t  of t he  complete emptying 
of t h e  f i r s t  p r o p e l l a n t  tank i n t o  t h e  second. The p a r a l l e l  t anks  
r e q u i r e  simultaneous emptying so  t h a t  equal  volumes of  r e s i d u a l  
p r o p e l l a n t  remain i n  each tank. I n  genera l ,  p o s i t i v e  b a r r i e r  
systems, such as diaphragms and b ladders ,  cannot be used i n  series 
tankage systems. 

3. Propellant Loading' Considerations 

The design o r  ope ra t iona l  c h a r a c t e r i s t i c s  of t h e  p r o p e l l a n t  
a c q u i s i t i o n  system can impose l i m i t a t i o n s  and c o n s t r a i n t s  on the  
pnopel lan t  loading process .  
may be employed. A s  p rev ious ly  d iscussed  i n  Chapter 111, t h e  
s e l e c t i o n  of technique t o  b e  employed depends upon t h e  a c q u i s i t i o n  
system being considered.  Sur face  t ens ion  systems can gene ra l ly  
employ e i t h e r  technique depending upon design d e t a i l s  No changes 
are requi red  i n  the system schematics  t o  accomplish loading by 
e i t h e r  technique a 

E i t h e r  vacuum o r  p re s su re  loading  

The major cons idera t ion  f o r  t h e  vacuum loading process  i s  t h a t  
the  p r o p e l l a n t  tank be  designed t o  wi ths tand  buckl ing loads .  
This i s  n o t  a problem f o r  b a s e l i n e  spheres  as previous ly  shown i n  
Chapter V ,  

No r e s t r i c t i o n s  on p r o p e l l a n t  off- loading are imposed by t h e  
use of s u r f a c e  t ens ion  systems o r  s e t t l i n g  rocke ts .  However, 
b ladders  and diaphragms would r e q u i r e  complete f i l l i n g  followed 
by p a r t i a l  expuls ion  t o  achieve t h e  des i r ed  off- load making i t  a 
much more involved process  e 
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C.  PROPULSION DUTY CYCLE E F F E C T S  

VII-9 

For Missions A 1  and A2,  cons idera t ion  w a s  a l s o  given t o  re- 
ducing the  minimum impulse b i t  from the  b a s e l i n e  va lue  of 400 l b  - f 
sec t o  the  Viking O r b i t e r  requirement of 125 l b  -sec (Ref VII-4).  

Theore t i ca l ly ,  t h e r e  i s  no l i m i t i n g  minimum impulse b i t  below 
which the s u r f a c e  tens ion  system cannot supply p r o p e l l a n t ,  How- 
ever ,  from a p r a c t i c a l  p o i n t  of view, a l a r g e  number of s m a l l  
magnitude impulse b i t s  can l e a d  t o  a dep le t ion  of p r o p e l l a n t  
s t o r e d  i n  t h e  sc reen  t r a p .  This  p r o p e l l a n t  dep le t ion  would re- 
s u l t  i f  t he  magnitude of t h e  impulse b i t  w a s  no t  s u f f i c i e n t  t o  
se t t le  p r o p e l l a n t  s o  t h a t  t he  p r o p e l l a n t  supply w a s  only from 
the  t r a p .  Therefore ,  i f  a l a r g e  number of s m a l l  pu l se s  are re- 
qu i red  wi th  a s u r f a c e  t ens ion  system, a c o n s t r a i n t  on the  magni- 
tude of t h e  minimum impulse b i t  must be e s t ab l i shed ,  t he  propel- 
l a n t  t r a p  must be r e s i zed ,  o r  a s u r f a c e  t ens ion  system of d i f f e r -  
e n t  design must be employed. 

f 

Bladders,  diaphragms and bellows are n o t  considered sens i -  
t i v e  t o  pu l se  opera t ion .  However, uneven o r  vary ing  p rope l l an t  
expuls ion could occur  due t o  s t i f f n e s s  of t h e  material. Since 
t h e  engine p u l s e  ope ra t ion  i s  t r a n s i e n t  by n a t u r e ,  t h e  uneven 
opera t ion  of t h e  b ladder  o r  diaphragm w i l l  probably no t  a f f e c t  
the  o v e r a l l  performance s i g n i f i c a n t l y .  No test  d a t a  i s  a v a i l a b l e  
t o  support  t h i s  suppos i t ion ,  however. 

Another p o s s i b l e  propuls ion system requirement considered w a s  
supplying t h e  ACS system from the  main p r o p e l l a n t  tank f o r  M i s -  
s i o n  B .  This would r e q u i r e  a d d i t i o n a l  p r o p e l l a n t  t o  supply the  
t o t a l  impulse requirement of t h e  ACS system and the  a b i l i t y  t o  
supply p r o p e l l a n t  a t  very low flow rates i n  a very s m a l l  adverse 
a c c e l e r a t i o n  environment. The only e f f e c t  on the  re ference  sur-  
f ace  tens ion  system would be t h e  requi red  inc rease  i n  p r o p e l l a n t  
t r a p  volume. Outflow a t  very low flow rates i n  the  adverse  ac- 
c e l e r a t i o n  environment would n o t  be a problem. 
t r a p  w i l l  keep t h e  p r o p e l l a n t  o r i e n t e d  over  t h e  o u t l e t  during 
the  adverse a c c e l e r a t i o n s ,  while  prevent ing  any gas contained i n  
the  t r a p  from being inges ted  i n t o  the  l i n e ,  

The p r o p e l l a n t  

The s i z e  of t h e  b ladders ,  diaphragms, and bellows used i n  
the  main tank would a l s o  have t o  be inc reased  t o  accommodate 
t h e  a d d i t i o n a l  p r o p e l l a n t ,  However, t h i s  i s  no t  considered a 
major problem. 
wi th  these  a c q u i s i t i o n  devices  i s  v a r i a t i o n s  i n  flow rate t o  t h e  
ACS engine r e s u l t i n g  from f l u c t u a t i o n s  i n  t h e  p re s su re  d i f f e ren -  
t i a l  requi red  t o  move t h e  s p e c i f i c  device.  The ACS flow rates 

One ope ra t iona l  problem t h a t  may be encountered 
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are gene ra l ly  much smaller than  those  r equ i r ed  f o r  t h e  main en- 
g ine  and, t he re fo re ,  might be  more suscep tab le  t o  t h e  p re s su re  
d i f f e r e n t i a l  v a r i a t i o n s .  The p res su re  d i f f e r e n t i a l  v a r i a t i o n s  
might r e s u l t ,  as previous ly  d iscussed ,  from s t i f f n e s s  v a r i a t i o n s  
i n  the  a c q u i s i t i o n  device  material. The e f f e c t  of t h e  ACS flow 
rate v a r i a t i o n s  may n o t  s i g n i f i c a n t l y  i n f l u e n c e  t h e  system per- 
formance. However, i t  i s  a cons ide ra t ion  t h a t  should be  evalu- 
a t e d  when ACS system requirements are known. 

The e f f e c t  of s p a c e c r a f t  onboard accelerometers  on the  opera- 
t i o n  of the  p r o p e l l a n t  a c q u i s i t i o n  system - _  w a s  a l s o  considered.  
The use of an accelerometer ,  i n  genera l ,  ,eases t h e  to l e rances  
and r e p e a t a b i l i t y  r equ i r ed  i n  the  product ion of t h r u s t .  For 
example, t h e  accelerometer ,  by monitoring v e l o c i t y  increment,  
can account f o r  such th ings  as t h r u s t  v a r i a t i o n s  due t o  nozz le  
t h r o a t  e ros ion  o r  p r o p e l l a n t  f low rate v a r i a t i o n s ,  by al lowing 
the  propuls ion  system t o  ope ra t e  f o r  a longer  pe r iod  of t i m e .  
This ope ra t ion  i s  extremely b e n e f i c i a l  f o r  long t e r m  missions 
such as the  Grand Tour (Mission B) where communication t i m e  de- 
l a y s  prevent  real t i m e  c o n t r o l  of t h e  sa te l l i t e  from Earth-based 
t r ack ing  s t a t i o n s .  However, i t  is  the  func t ion  of t h e  p r o p e l l a n t  
a c q u i s i t i o n  system t o  supply the  proper  amount of p r o p e l l a n t  t o  
produce t h e  r equ i r ed  t o t a l  impulse. Since t o t a l  impulse a c t u a l l y  
determines t h e  s i z e  of t h e  p r o p e l l a n t  system, any probable  de- 
g rada t ion  i n  t h r u s t  and s p e c i f i c  impulse must be considered i n  
the design of t h e  system i n  o rde r  t o  a s su re  t h a t  s u f f i c i e n t  pro- 
p e l l a n t  i s  a v a i l a b l e .  Therefore ,  t h e  use of t h e  accelerometer  
w i l :  a s s u r e  more accu ra t e  u t i l i z a t i o n  of p r o p e l l a n t  during t h e  
mission bu t  w i l l  no t  reduce the  u n c e r t a i n t i e s  t h a t  must be con- 
s i d e r e d  i n  s i z i n g  t h e  p r o p e l l a n t  system. 
celerometer  would in f luence  t h e  magnitude and number of impulse 
b i t s  r equ i r ed  by the  propuls ion  system; t h e  impact of the  impulse 
b i t  w a s  d i scussed  previous ly .  

The presence of an ac- 

D. PRESSURIZATION SYSTEM EFFECTS 

Replacing monomethylhydrazine i n  Mission A2 and n i t r a t e d  hy- 
d raz ine  i n  Mission B wi th  n e a t  hydrazine produces two e f f e c t s  on 
t h e  p r e s s u r i z a t i o n  system: 
vary ;  (2)  t h e  amount of d i sso lved  p res su ran t  w i l l  change. For  
Mission A2$ changing f u e l s  decreased t h e  t o t a l  volume of t h e  pro- 
p e l l a n t  tanks because of changes i n  f u e l  d e n s i t y  and mixture r a t i o ,  
This  decrease  i n  t o t a l  volume w i l l  produce a p ropor t iona l  decrease  
i n  p r e s s u r i z a t i o n  subsystem mass, For Mission B, changing f u e l s  
would i n c r e a s e  helium usage because of t h e  increase i n  tank volume, 

(1) p r e s s u r i z a t i o n  subsystem mass w i l l  
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P re s su ran t  s o l u b i l i t y  i n  any of t h e  p r o p e l l a n t s  i s  n o t  a s i g n i f i -  
can t  problem i f  helium i s  the  p re s su ran t .  However, f o r  Mission 
A z 9  changing f u e l s  w i l l  reduce t h e  s o l u b i l i t y  of helium by approx- 
imately an o rde r  of magnitude. For Mission B,  t h e  change i n  
p re s su ran t  s o l u b i l i t y  is  n e g l i g i b l e  due t o  changing f u e l s  

E .  STERILIZATION EFFECTS 

The r e c e n t  program conducted by Martin Marietta f o r  t h e  Jet 
Propuls ion Laboratory under Contract  JPL 951709 (Ref VII-5 and 
VII-6) demonstrated t h e  f e a s i b i l i t y  of loading ,  s e a l i n g ,  and 
h e a t  s t e r i l i z i n g  a l i q u i d  b i p r o p e l l a n t  (n i t rogen  t e t r o x i d e  and 
monomethylhydrazine) propuls ion  system, Af t e r  t he  s t e r i l i z a t i o n  
process ,  t h e  propuls ion  system w a s  s u c c e s s f u l l y  f i r e d .  This  
type of s t e r i l i z a t i o n  process  is  n o t  f e a s i b l e  f o r  Mission AI 
s i n c e  the  s t e r i l i z a t i o n  temperature  (275°F) i s  f a r  above t h e  
c r i t i c a l  temperature of t h e  space s t o r a b l e  p r o p e l l a n t s .  

S t e r i l i z a t i o n  of t h e  Viking Lander w i l l  be accomplished be- 
f o r e  p r o p e l l a n t s  are loaded. The p r o p e l l a n t s  w i l l  be s t e r i l i z e d  
e x t e r n a l l y ,  i f  requi red ,  and loaded a f t e r  t h e  Lander has been 
s t e r i l i z e d .  Thus, p r o p e l l a n t  compa t ib i l i t y  w i t h  the system ma- 
terials a t  t h e  e l eva ted  s t e r i l i z a t i o n  temperatures w i l l  no t  be a 
major concern. Also, t h e  e thy lene  oxide used i n  previous pro- 
grams as a decontaminate w i l l  no t  be used i n  the  Viking program. 
The Viking s t e r i l i z a t i o n  process  c o n s i s t s  of a series of  dry 
hea t  cyc le s  D i f f e r e n t  requirements e x i s t  depending upon whether 
the  s t e r i l i z a t i o n  i s  a t  a component o r  system l e v e l  and whether 
f l i g h t  acceptance,  development, o r  q u a l i f i c a t i o n  t e s t i n g  is  con- 
cerned. The q u a l i f i c a t i o n  s t e r i l i z a t i o n  cyc le  f o r  components is  
the  most severe ,  r equ i r ing  a t o t a l  t i m e  of 380 hours i n  a t o t a l  
of 8 cyc les  w i t h  t h e  co ldes t  contaminated p o i n t  maintained a t  a 
minimum temperature  of 275'F. 
of t h e  component may no t  exceed 282°F. 
t i o n  process  were app l i ed  t o  the  p r o p e l l a n t  a c q u i s i t i o n  systems 
considered i n  t h i s  s tudy ,  t h e  maximum temperatures would be be- 
l o w  t h e  th re sho ld  f o r  any s i g n i f i c a n t  m e t a l l u r g i c a l  e f f e c t s  i n  
the  metals considered. The only e f f e c t  t he  e l eva ted  temperature  
would have on the  metals would be t h e  genera t ion  of stresses re- 
s u l t i n g  from thermal expansion. 
can minimize t h i s  problem. 

The maximum s u r f a c e  temperature  
I f  t h i s  Viking s t e r i l i z a -  

S u i t a b l e  design and mounting 
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For nonmeta l l ic  materials, such as polymeric products ,  the  
e f f e c t  of h e a t  s t e r i l i z a t i o n  can vary s i g n i f i c a n t l y  ranging from 
i n s i g n i f i c a n t  changes i n  p r o p e r t i e s  t o  changes s u f f i c i e n t  t o  i m -  
p a i r  performance o r  des t roy  the  usefu lness  e n t i r e l y .  A test  pro- 
gram, concerned only w i t h  a dry-heat s t e r i l i z a t i o n  process ,  w a s  
conducted by Jet  Propuls ion Laboratory on polymeric materials 
used i n  t h e  Ranger and Mariner s p a c e c r a f t s  (Ref VII-7). Addi- 
t i o n a l  test work has  a l s o  been performed using e thylene  oxide 
and dry h e a t  i n  t h e  s t e r i l i z a t i o n  process .  
V I I - 9  p r e sen t  r e s u l t s  from these  tes t  programs. A genera l  con- 
c lus ion  t o  be reached from the  r e s u l t s  of a l l  t h e s e  programs i s  
t h a t  s p e c i a l  care must be  exe rc i sed  i n  the  s e l e c t i o n  of polymeric 
materials f o r  use i n  b ladders ,  diaphragms, and seals when steri l-  
i z a t i o n  i s  a cons idera t ion .  

References V I I - 8  and 

The e f f e c t  of s t e r i l i z a t i o n  on pyro technic  devices  used i n  
squib  valves w a s  considered. A major cons ide ra t ion  a s soc ia t ed  
wi th  these  devices  is  t h a t  o l d e r  convent ional  explos ives  cannot 
be  used. However, new explos ives  t h a t  can wi ths tand  temperatures  
t o  500°F are ava i l ab le .  The most d i f -  
f i c u l t  design problem is assoc ia t ed  wi th  s e a l i n g  materials such 
as epoxies  t h a t  would outgas  during s t e r i l i z a t i o n .  The outgas- 
s i n g  products  i n  some cases are noxious to t h e  explos ives .  

No development i s  needed. 
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VIII. CONCLUSIONS AND RECOMMENDATIONS 

Only typical or representative missions were considered during 
Phase I of this investigation. The general mission and system 
criteria employed were sufficient for the comparative evaluations 
conducted, since the primary purpose of this phase of the effort 
was to define the preferred propulsion subsystem combination for 
each mission. Detailed designs were not required. The results 
clearly showed the preferred approach for the pressurization, 
propellant tank, and propellant acquisition subsystems. No at- 
tempt was made to optimize any of the propellant acquisition con- 
cepts against the mission criteria, since representative concep- 
tual designs were adequate for comparison and selection. 

A. CONCLUSIONS 
! 

- 1. Propellant Tank Subsystem 

The two-tank configuration is preferable to the four- 
tank system for both Missions A1 and A2. The number 
of tanks was not a consideration f o r  the single-tank 
Mission B monopropellant system; 

Spherical tanks provide advantages over cylindrfcal 
tanks and specially-shaped tanks for all three refer- 
ence missions; 

Propellant tanks f o r  Mission Al, using OF2 oxidizer 
and B2H6 fuel, should be constructed'of 2219 aluminum. 
Tanks constructed of 6AR-4V titanium are preferred 
for both Mission A2, using N2O4 oxidizer and CH3N2H3 
fuel, and Mission B, using 75/25  - N ~ H ~ / N ~ H S N O ~  mono- 
propellant; 

All-metal tanks should be employed since no signifi- 
cant advantages are provided by composite tanks. 
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2, P ressu r i za t i on  Subsystem 

1) Advantages are gained by selecting helium pressurant 
for all three reference missions. Appreciable weight 
savings are provided using helium instead of nitrogen 
in both the Mission A1 and A2 separate stored gas 

results for the light- systems; a lesser savings 

er Mission B spacecraft which employs a blowdown pres- 
surization system; 

(Ib,) 

2) __ A single, spherical pressurant storage tank con- 
structed of 6AR-4V titanium should be used for both 
Missions A1 and A2.  
surant storage provides no advantage. A separate pres- 
surant tank is not required for the Mission B system; 

Use of a composite tank for pres- 

3) The pressurant storage spheres for Missions A1 and A2 
should be initially loaded with helium to 4000 psia 
at the nominal propellant temperature (250"R for Mis- 
sion AI and 500"R for Mission A2). Thus, the pres- 
surant and propellant tanks should probably be pack- 
aged together for optimum thermal control; 

4 )  The Mission B propellant tank with 50% initial ullage 
should be pressurized to the 350 psia initial pressure 
with helium. Helium storage temperature is equal to 
the propellant temperature for this blowdown system; 
the nominal propellant temperature is 500"R. 

3. P rope l l an t  A c q u i s i t i o n  Subsystem 

1) Surface tension devices are the preferred propellant 
Acquisition concept for all three missions'; 

2) These devices are lighter and more reliable than the 
other candidate acquisition systems and possess ex- 
cellent availability, system compatibility, and design 
versatility characteristics; 
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3) On a r e l a t i v e  b a s i s ,  t h e  f i g u r e  of m e r i t  f o r  s u r f a c e  
t ens ion  devices  i s  g r e a t e r  than t h a t  f o r  t h e  second 
b e s t  system by 28% f o r  Mission AI, 26% f o r  Mission 
Az9 and 69% f o r  Mission B; 

The s u r f a c e  t ens ion  systems should be  cons t ruc ted  of 
aluminum f o r  Mission A I ,  and t i t an ium f o r  Missions 
A2 and B.  

4 )  

B.  RECOMMENDATIONS 

Based on the  conclusions made from the  eva lua t ions ,  t he  pre- 
f e r r e d  systems w e r e  recommended f o r  approval  a t  t h e  Program Re- 
view h e l d  a t  JPL  on 1 7  A p r i l  1970.  Af t e r  a thorough review of 
the  program, the  recommended systems w e r e  approved. 

Phase I1 of t h e  program w i l l  inc lude  the  d e t a i l e d  design and 
a n a l y s i s  of su r f ace  tens ion  p rope l l an t  a c q u i s i t i o n  systems f o r -  - . 
Missions A I ,  A2, and B. The d e t a i l e d  pro to type  des igns  w i l l  be  
def ined i n  terms of engineer ing drawings. The drawings w i l l  in- 
c lude o v e r a l l  dimensions, t o l e rances  (where c r i t i c a l ) ,  materials 
of cons t ruc t ion ,  and genera l  f a b r i c a t i o n  requirements .  The draw- 
ings  w i l l  be t o  t h e  level  of d e t a i l  requi red  f o r  engineer ing  shop 
f a b r i c a t i o n  and assembly, bu t  w i l l  n o t  m e e t  product ion drawing 
s tandards  s u i t a b l e  f o r  normal f ac to ry  product ion l i n e  procedures .  

The design w i l l  consider  prelaunch,  ground ho ld ,  launch, and 
post launch per iods .  The propuls ion system schematics w i l l  be  
modified,  as requi red ,  from the  o r i g i n a l  JPL schematics t o  fur -  
n i sh  a r e l i a b l e  and o p e r a t i o n a l  system. Any a d d i t i o n a l  va lv ing  
requi red  f o r  tank loading  o r  d ra in ing  w i l l  be  shown. Handling, 
checkout and maintenance requirements w i l l  be  def ined  f o r  each 
system. 

In conducting t h e  d e t a i l e d  design e f f o r t ,  var ious  s u r f a c e  
tens ion  concepts ,  i n  a d d i t i o n  t o  a t r a p  device,  w i l l  be  ana- 
lyzed t o  achieve the  b e s t  su r f ace  t ens ion  system f o r  each of t h e  
th ree  missions.  A s  d i scussed  and agreed t o  dur ing  the  1 7  Apr i l  
review, two b a s i c  s u r f a c e  t ens ion  concepts  w i l l  be  designed f o r  
each mission. The concepts w i l l  be  d i f f e r e n t  due t o  t h e  two de- 
s ign  approaches e s t a b l i s h e d  a t  t h e  meeting: (1) t h e  s u r f a c e  ten- 
s ion  device must be t e s t a b l e  under t h e  minus one-g cond i t ion ;  
whereas (2)  t he  o t h e r  device w i l l  be  designed t o  perform r e l i a b l y  
under the  ope ra t iona l  environment only .  During Phase 11, JPL 
w i l l  f u r n i s h  a d d i t i o n a l  c r i t e r i a  s o  t h a t  t he  s u r f a c e  tens ion  de- 
s i g n s  are f u r t h e r  cons t ra ined  t o  s a t i s f y  planned mission requi re -  
ments - 
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Bench tests were conducted t o  eva lua te  t h e  f e a s i b i l i t y  of t h e  
cap i l l a ry /be l lows  p rope l l an t  a c q u i s i t i o n  device  descr ibed  ear l ier  
i n  Chapter I11 (Sec t ion  G ) .  
VI11 (Fig.  1-1). 

The tests were conducted under Task 

The o b j e c t i v e s  of t h e  cap i l l a ry /be l lows  i n v e s t i g a t i o n  were 
t o  demonstrate (1) c a p a b i l i t y  t o  design and f a b r i c a t e  t h e  device  
w i t h i n  t h e  cu r ren t  s ta te -of - the-ar t ;  and (2)  f e a s i b i l i t y  t o  pro- 
v i d e  engine restart c a p a b i l i t y  f o r  t h e  missions i d e n t i f i e d  i n  
t h i s  con t r ac t .  I f  t h e  device  proved f e a s i b l e ,  then a second- 
a r y  o b j e c t i v e  w a s  t o  determine des ign  cr i ter ia  t h a t  should be  
considered i n  matching a cap i l l a ry /be l lows  t o  a s p e c i f i c  mission.  

S p e c i f i c  test  o b j e c t i v e s ,  t h e r e f o r e ,  were t o  demonstrate t h a t  
(1) t h e  system w a s  capable  of being f i l l e d  wi th  l i q u i d  completely 
(no gas ) ;  (2)  i t  could outflow l i q u i d  when covered wi th  l i q u i d ;  
(3) i t  could outf low l i q u i d  i n  an adverse  a c c e l e r a t i o n  environ- 
ment, i . e . ,  t h e  a c c e l e r a t i o n  v e c t o r  tending t o  p o s i t i o n  l i q u i d  a t  
t h e  oppos i te  end of t h e  tank away from t h e  o u t l e t  and device ;  and 
( 4 )  i t  w a s  capable  of r e f i l l i n g  au tomat ica l ly .  

A. EXPERIMENTAL APPARATUS 

The test appara tus  cons i s t ed  
of an  8-in.  OD t r anspa ren t  tank 
and at tachments  f o r  f i l l i n g ,  
p r e s s u r i z a t i o n ,  and outf low,  as 
p i c t u r e d  i n  F igure  A-1. The 
change i n  t h e  d i r e c t i o n  of t h e  
g r a v i t y  v e c t o r ,  from p l u s  one-g 
t o  minus one-g, w a s  achieved by 
r o t a t i n g  t h e  tank through 180". 
(The minus one-g cond i t ion  has  
t h e  l i q u i d  d r a i n  p o r t  a t  the  top 
of t h e  tank  s o  t h a t  g r a v i t y  tends 
t o  p o s i t i o n  l i q u i d  away from t h e  
o u t l e t )  Outflow w a s  viewed 
through t h e  clear,  f l e x i b l e  Tygon 
tubing  (%-in. I D )  connecting t h e  
o u t l e t  t o  a vented receiver tank,  
A Ramapo flowmeter (0 t o  3 gpm) 
w a s  i n s t a l l e d  i n  t h e  outflow 
l i n e ,  

Figure A-1 Capillary/Rellows T e s t  Setuv 
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The cap i l l a ry /be l lows  device  contained i n  t h e  t r anspa ren t  tank  
was designed and f a b r i c a t e d  f u l l - s c a l e  t o  s a t i s f y  t h e  monopropel- 
l a n t  Mission B requirements* -- 25-lb t h r u s t ,  t o t a l  impulse of 

33,000 l b  -sec,  and a s p e c i f i c  impulse (vacuum) of 255 l b  -sec l b  . 
f f I m  

The s t eady- s t a t e  f lowra te  i s  r e a d i l y  determined t o  be  0.098 l b  sec .  

Methanol w a s  s e l e c t e d  as t h e  test l i q u i d  because of handl ing con- 
s i d e r a t i o n s .  I ts  phys ica l  p r o p e r t i e s ,  d e n s i t y ,  s u r f a c e  t ens ion ,  
and v i s c o s i t y  are less than  those  f o r  N2H4 ( n i t r a t e d ) ,  as shown 
i n  t h e  t a b u l a t i o n .  

f 

m l  

DENSITY 
(l brn/ft3) 

69.8 

49.4 

SURFACE I VISCOSITY 
1 b,,, /f t -s ec] 
L-Cll x IO3) 

17.1 

10.1 

2.40 

0.402 

The n i t r a t e d  d a t a  are those  presented i n  Table 11-3 of t h e  r e p o r t .  
The methanol p r o p e r t i e s  (at 2OoC) were obtained from Ref A-1. 
Since c a p i l l a r y  d i f f e r e n t i a l  p re s su re ,  as explained ear l ier  i n  
Chapter 111, is  a c r i t i ca l  des ign  c r i t e r i o n ,  t h e  l iqu id- to-so l id  
contac t  ang le  ( e )  i s  another  p e r t i n e n t  proper ty  f o r  s i m i l i t u d e .  
Methanol i s  to t a l ly -we t t ing  (0  = O " ) ,  Ref A-1, which agrees  w e l l  
wi th  t h e  n i t r a t e d  hydrazine,  assumed t o  possess  a con tac t  angle  
i n  t h e  range of 1 t o  2 deg, as measured f o r  n e a t  hydrazine (Ref 
A-2) a 

*Although t h e  cap i l l a ry /be l lows  device  is  app l i cab le  t o  any 
of t h e  t h r e e  b a s e l i n e  missions,  i t  appears  t o  be  most a t t ract ive 
f o r  Mission B. Its a t t rac t ive  f e a t u r e  i s  t h e  a b i l i t y  t o  r e f i l l .  
Mission B has  a minimum impulse b i t  of 1 .0  l b  -sec whereas t h e  

va lue  f o r  t h e  AI and A2 missions i s  400 lbf-sec.  

pu l se  requirement is  c r i t i c a l  t o  p rope l l an t  s e t t l i n g .  

f 
The minimum i m -  
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There are t h r e e  predominant fo rces  t o  be considered i n  de- 
s ign ing  t h e  a c q u i s i t i o n  device  ( ignor ing  t h e  i n e r t i a l  f o r c e  of 
t he  bellows i t s e l f  which is  n e g l i g i b l e ) :  (1) t h e  sc reen  cap i l -  
l a r y  f o r c e ,  (2) t h e  l i q u i d  h y d r o s t a t i c  f o r c e ,  and (3) t h e  bellows 
s p r i n g  fo rce .  Refer r ing  t o  F igure  111-23 of t h e  r e p o r t ,  t h e  d i f -  
f e r e n t i a l  p re s su re  corresponding t o  each f o r c e  may b e  descr ibed  
as shown i n  Equations [ I I I -91 ,  [III-lo] and [ I I I - 2 2 1 ,  r e spec t ive ly .  

The bellows w e r e  procured from Sea lo l ,  Inc . ;  they gave the  
fol lowing dimensions and opera t ing  c h a r a c t e r i s t i c s  f o r  t he  bellows: 

Material = 0.0025-in. t h i c k ,  347 SS 

Diameter = 4.92-in. OD, 3.55-in. I D  ( e f f e c t i v e  area = 
14 .1  in .2 )  

Convolutions = 17 welded convolut ions 

Length ( f r e e  length)  = 1.19 i n . ,  s t r o k e  = 1.07 i n .  

(Kb) = 3 . 3 3  l b  i n .  Spring ra te  

Displacement = 15  i n s 3  

fl 

The displacement volume corresponds t o  0.429 l b  of methanol. It 

w a s  more than  adequate s i n c e  i t  provided l i q u i d  outflow dura t ions  
from 2.3 t o  10.7 sec (with no r e f i l l )  f o r  t h e  range of s teady  flow 
rates, 0.04 t o  0.19 l b  s e c ,  dur ing  test. (The volume would pro- 

v ide  6.19 sec a t  t h e  s t eady- s t a t e  flow rate of 0.098 l b  sec f o r  
t h e  n i t r a t e d  hydrazine.)  

m 

I m l  
m 

Three a c q u i s i t i o n  devices  were f a b r i c a t e d  f o r  test .  The t h r e e  
b a s i c  components common t o  a l l  t h r e e  devices  were (1) a top  cone 
assembly, (2) a bellows assembly, and (3) t h e  c y l i n d r i c a l  s c reen  
assembly. An assembled device  (No. 3)  i s  p ic tu red  i n  F igure  A-2. 
The cone assembly cons i s t ed  of a mounting f l ange ,  10-deg backup 
cone, and a sc reen  cone. The sc reen  w a s  304 s t ah le s s  steel  i n  
each test art icle.  The backup cone conf igu ra t ion  i s  p i c tu red  i n  
F igure  A-3. It was formed from 0.024-in. t h i c k  s t a i n l e s s  perfo-  
r a t e d  p l a t e  wi th  0.026-in. diameter ho le s  i n  a 60 deg a r r a y ,  pro- 
v id ing  an open area of 39.2%. 
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Figure A-2 Capi 1 1  ary/BelI ows Device No - 3 

Ffgure A-3 Screen Backup Cone 
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The bellows assembly w a s  descr ibed  ear l ier .  It w a s  t h e  welded- 
m e t a l  type  wi th  a n e s t i n g ,  r i p p l e  diaphragm, as shown, It had 
347 s t a i n l e s s  f l anges  0.62-in. t h i c k  f o r  a t tachments .  The compres- 
s i o n  force- to-def lec t ion  r e l a t i o n s h i p  w a s  checked and found t o  b e  
nea r ly - l inea r  about 3.4 l b  over  90% of i t s  d e f l e c t i o n .  ( 

The c y l i n d r i c a l  sc reen  s e c t i o n ,  F igure  A - 4 ,  w a s  3.55-in. I D  
and 1.0-in.  high.  The Dutch-twil l  s c reen  w a s  supported by 0.020- 
i n .  t h i c k  p l a t e  wi th  0.125-in. ho le s  t o  provide an open area of 
36.2%. 

Fiaure A-4 Cvl indrical Screen Assembly 

Device No. 1 used 250x1370 mesh Dutch-twill  weave sc reen  on 
the  cone and c y l i n d r i c a l  assemblies  w i th  two bellows mounted i n  
series i n s t e a d  of t he  one bellows shown i n  Figure A-2. 
No. 2 w a s  i d e n t i c a l  t o  Device No. 1 except a compressive s p r i n g  
w a s  mounted w i t h i n  the  assembly, between t h e  base  p l a t e  and screen  
backup cone, t o  inc rease  t h e  e f f e c t i v e  bellows sp r ing  ra te  from 
2.4 t o  4.45 l b f / i n .  

c y l i n d r i c a l  components w a s  80x700 mesh Dutch-twill  weave. 

Device 

For device  No. 3,  the  screen  on the  cone and 

A s i n g l e  
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bel lows w a s  used i n  t h i s  assembly, as shown i n  F i g u r e  A-2. The 
bubble  p o i n t  of each c a p i l l a r y  component was checked p r i o r  t o  
assembly. The 250x1370 mesh s c r e e n  assembl ies  had a bubble  p o i n t  
of 19.5 i n .  of H20 (0.7 p s i )  i n  methanol,  w h i l e  t h e  80x700 mesh 
s c r e e n  a s s e m b l i e s  had a bubble  p o i n t  of 6 .3  i n .  o f  H 2 0  (0.23 p s i )  
i n  methanol.  The a c t u a l  bubble  p o i n t s  of t h e  assembl ies  were used 
i n  t h i s  e f f o r t  r a t h e r  t h a n  t h e  more c o n s e r v a t i v e  micron r a t i n g  
d a t a  g e n e r a l l y  used i n  des ign .  

In  o r d e r  f o r  t h e  c a p i l l a r y  r e t e n t i o n  t o  b e  achieved  d u r i n g  
o p e r a t i o n  of  t h e  b e l l o w s ,  t h e  g a s / l i q u i d  i n t e r f a c e  a t  t h e  screen 
s u r f a c e  must b e  s t a b l e .  The Bo and 4 number s t a b i l i t y  c r i t e r i a  
f o r  t h e  a c c e l e r a t i o n  v e c t o r  a c t i n g  normal and p a r a l l e l  t o  t h e  
s c r e e n  s u r f a c e ,  r e s p e c t i v e l y ,  are d i s c u s s e d  i n  d e t a i l  i n  Ref A-3. 
For  t h e  I-g bench tests, t h e  Bo and (p numbers for t h e  80x700 
s c r e e n ,  c a l c u l a t e d  t o  b e  2 .6  x and 0.24,  were below t h e  c r i t i -  
c a l  s t a b i l i t y  v a l u e s  (Bo 0.84 and 4 - 1.00) .  

B. TEST DESCRIPTION AND DISCUSSION OF RESULTS 

Each of t h e  f o u r  c a t e g o r i e s  of 1-g tests performed i s  d i s -  
cussed  s e p a r a t e l y .  

1. F i l l  Tests 

F i l l  tests were conducted w i t h  t h e  o u t l e t  o r i e n t e d  b o t h  down- 
ward and upward. The t a n k  w a s  loaded  through t h e  o u t l e t  i n  each 
case. With t h e  o u t l e t  o r i e n t e d  upward (away from E a r t h ) ,  the t a n k  
w a s  completely f i l l e d ,  i . e . ,  no gas  remaining i n  t h e  device .  F i l l  
tests w i t h  t h e  o u t l e t  o r i e n t e d  toward E a r t h  r e s u l t e d  i n  some gas  
t r a p p e d  i n  t h e  d e v i c e  below t h e  conical-shaped t o p  s c r e e n .  T h i s  
gas  entrapment  was due t o  wicking  of t h e  screen p r e c e d i n g  t h e  l i q -  
u i d  f i l l  level, t h u s  s e a l i n g  t h e  s c r e e n  p o r e s  and p r e v e n t i n g  g a s  
escape .  To a l lev ia te  t h i s  s i t u a t i o n ,  a p i e c e  of  3/8-in.  OD s t a i n -  
less s t ee l  t u b i n g ,  3/8-in.  l o n g ,  w a s  f a s t e n e d  above t h e  peak of 
t h e  cone a f t e r  p r o v i d i n g  a h o l e  i n  the peak. 
(same mesh as t h e  t o p  s c r e e n )  w a s  t h e n  f a s t e n e d  i n  t h e  open end 
of t h e  t u b e .  The a d d i t i o n  of t h i s  s m a l l  v e n t  t u b e  al lowed a l l  
t h e  g a s  t o  escape  from t h e  d e v i c e  so  complete f i l l i n g  could b e  
a c h i  eved e 

A Dutch'twill  d i s c  

A l l  l o a d i n g  tests w e r e  made w i t h  t h e  t r a n s p a r e n t  t a n k  vented .  
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2. Deflection Tests 

A-7 

T e s t s  f o r  d e f l e c t i o n  of t he  bellows as a func t ion  of p re s su re  
drop ac ross  t h e  cap i l l a ry /be l lows  assembly w e r e  conducted wi th  t h e  
test a r t ic le  mounted i n  t h e  tes t  f i x t u r e  i n  a p o s i t i v e  one-g posi-  
t i o n ,  i .e . ,  wi th  t h e  o u t l e t  pointed toward Ear th .  The sc reens  
w e r e  wet ted wi th  methanol t o  e s t a b l i s h  a c a p i l l a r y  p re s su re  re ten-  
t i o n  c a p a b i l i t y  ac ross  t h e  screen .  Nitrogen gas w a s  then  used t o  
p r e s s u r i z e  t h e  o u t s i d e  of t h e  cap i l l a ry /be l lows  device.  

The p res su re  d i f f e r e n t i a l  ac ross  t h e  device  w a s  determined as 
a func t ion  of bellows d e f l e c t i o n  t o  provide a measure of p re s su re  
l o s s  during outflow. The r e s u l t i n g  pressure-def lec t ion  curves 
are presented  i n  F igures  A-5, A-6 and A-7 f o r  t h e  t h r e e  devices  
t e s t e d .  The d a t a  were p l o t t e d  d i r e c t l y  on each of t h e  curves ,  
The d a t a  shown i n  F igure  A-5 i n d i c a t e  t h a t  Device No. 1 w a s  
s l i g h t l y  nonl inear .  
c a p a b i l i t y  of t h e  250x1370 mesh s c r e e n  w a s  0.7 p s i  and 

f o r  t h e  80x700, 0.23 p s i .  The d a t a  i n  F igure  A-5 i n d i c a t e  a wide 
margin between t h e  AP requi red  t o  f u l l y  compress t h e  bel lows and 

The margin is  less f o r  t h e  o ther ' two 

The maximum c a p i l l a r y  p re s su re  r e t e n t i o n  

(npc) m a x  

of t h e  screen .  
the (APc)max 
tes t  ar t ic les ,  a l though adequate.  

3 .  Outflow under Adverse Acceleration 

The adverse a c c e l e r a t i o n  environment (minus one-g) w a s  pro- 
vided by r o t a t i n g  t h e  test a r t ic le  s o  i t s  o u t l e t  was a t  t h e  top 
of t h e  tank. Outflow from the  device  w a s  i n  a d i r e c t i o n  oppos i t e  
t o  t h e  g r a v i t y  v e c t o r .  Pressure  f o r  outf low w a s  provided by n i -  
t rogen gas e n t e r i n g  through the  p r e s s u r i z a t i o n / v e n t  l i ne .  
flow tests were conducted a t  flow rates of 0 .04 ,  0.115, and 0.19 

wi th  t h e  o u t s i d e  of t he  cap i l l a ry /be l lows  device ,  

Out- 

s e c .  During these  outflow tests, no l i q u i d  w a s  i n  con tac t  

Four tests w e r e  conducted. I n  a l l  tests, t h e  bellows dev ice  
w a s  completely compressed be fo re  t h e  screen c a p i l l a r y  r e t e n t i o n  
f o r c e  w a s  overcome, a l lowing gas t o  e n t e r  t h e  device.  Flow rate 
t r a n s i e n t s  a t  i n i t i a t i o n  of flow were as g r e a t  as 29.3 l b  sec 
sec wi th  no gas inges t ion .  m I /  
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4. Positive Acceleration Outflow Tests 

Outflow tests under p o s i t i v e  1-g environment w e r e  made t o  
i n v e s t i g a t e  the  ref= c h a r a c t e r i s t i c s  of t h e  cap i l l a ry /be l lows  _- 
and the r e l a t i o n s h i p  between t h e  bellows r e s t o r i n g  f o r c e  and the 
compressive f o r c e  caused by flow l o s s e s  through t h e  screens .  
These tests were conducted wi th  the  tank  o u t l e t  o r i en ted  down- 
ward. 
Outflow tests were conducted on t h e  e n t i r e  devices ,  i . e . ,  outflow 
through both t h e  s i d e  and top sc reens ,  and outflow through t h e  
s i d e  screen  alone.  

P res su r i za t ion  f o r  outflow w a s  provided by n i t rogen  gas .  

Outflow tests on both screens  were conducted wi th  t h e  tank 
l i q u i d  l e v e l  so  t h a t  t h e  device was both f u l l  o f ,  and covered by, 
l i q u i d .  During outflow, the  bellows assumed a d e f l e c t i o n  con- 
s i s t e n t  wi th  t h e  AP ac ross  i t  making i t  necessary t o  ob ta in  
s t eady- s t a t e  condi t ions  (cons tan t  d e f l e c t i o n  and f lowra te)  be fo re  
t ak ing  da ta .  Otherwise, t he  flow d a t a  would be i n  e r r o r  due t o  
t h e  h y s t e r e s i s  of the  bellows. During t h e  tes t ,  t he  d e f l e c t i o n  
of t h e  bellows assembly w a s  used t o  determine t h e  AP a c r o s s  both 
screens  us ing  t h e  d a t a  presented  i n  l i g u r e s  A-5 through A-7. - 

A second series w a s  run t o  ob ta in  p re s su re  drop d a t a  on t h e  
s i d e  screen  only.  
except t h a t  t h e  l i q u i d  leve l  i n  t h e  tank w a s  j u s t  below t h e  top 
screen  of t he  device a t - f l o w  i n i t i a t i o n .  The device i t s e l f  w a s  
f u l l .  Again, d a t a  were taken only a f t e r  t h e  bellows had reached 
a s t eady- s t a t e  d e f l e c t i o n .  Due t o  t h e  d i f f i c u l t y  i n  accu ra t e ly  
measuring t h e  l i q u i d  level a t  flow te rmina t ion ,  t h e  flow los s  
w a s  ca l cu la t ed  from t h e  measured bel lows d e f l e c t i o n s ,  as shown 
i n  F igure  A-8. 

The tests were conducted i n  t h e  same manner 
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Figure A-8 Nomenclature Used i n  Determining Side Screen Pressure Drop 
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A t  f low i n i t i a t i o n ,  the  l i q u i d  level  was Lc. 

the  l i q u i d  level  w a s  L1. 
t he  bel lows,  t h e  device  expanded a f t e r  flow te rmina t ion  producing 
a f u r t h e r  drop i n  l i q u i d  level t o  L2. The bellows d e f l e c t i o n s ,  
measured from a common r e f e r e r c e  and corresponding t o  the  t h r e e  
d i f f e r e n t  l i q u i d  levels, ars ~ ~ l g n a t e d  as hc9 h l s  and h2. The 

measured d e f l e c t i o n s  were used t o  c a l c u l a t e  t h e  flow l o s s  by use 
of t h e  fol lowing equat ion:  

A t  flow te rmina t ion ,  

Due t o  t h e  s p r i n g  r e s t o r i n g  f o r c e  of 

where 

APf - - 

- 
p!L - 

- 
At - 

% =  
- -  Ap - 
Y 
Ah = 

pres su re  l o s s  due t o  flow through t h e  s i d e  screen  
only,  p s i ;  

l i q u i d  dens i ty ,  l bm/ in  e ; 

c ross - sec t iona l  area of  tank,  i n ,  2 ;  

e f f e c t i v e  area of bel lows,  i n . 2 ;  

bellows p res su re  rate,  p s i j i n . ;  

h2 - h i ,  i n .  

[ A-1 

The measured Ah va lues  and ca l cu la t ed  AP va lues  are presented 

i n  Table A - l  f o r  each test run. 
a l s o  given.  

f 
Measured outflow rates are 



A-14 MCR-70-171 

Table A - 1  Test Data for  Side Screen Flow Tests 
(Methanol Was Fluid f o r  All Tests) 

Device No. 1 
250x1 370 Mesh Screen 

RUN 
NO * 

1 l a  
12 
13 
14 
15 
16 
17 
18 
19 
20 

Ah 
( i n . )  

0.281 
0.406 
0.375 
0.155 
0.062 
0.187 
0.250 
0.258 
0.315 
0.343 

RUN 
NO. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

(1 b,.,,)ec) 
W '  

0.043 
0.120 
0.125 
0.012 
0.003 
0.025 
0.045 
0 a 057 
0.068 
0.089 

0.049 
0.071 
0.066 
0.027 
0.011 
0.033 
0.044 
0 045 
0.055 
0.060 

Device No. 2 
250x1 370 Mesh Screen 

Ah 
( i n . )  

0. 187 
0.203 

0.250 
0.266 
0.157 
0.297 
0 297 
0.312 
0.343 

-- 

Device No. 3 
80x700 Mesh Screen 

I 

0.117 
0.149 
0.160 
0.169 
0.176 
0.184 
0.187 
0.191 
0.199 
0.232 

0 a 095 
6.103 

0.127 
0.135 
0.080 
0.151 
8.151 
0. I58 
0.174 

-- 

RUN 
NO a 

21  
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

A h  
( i n . )  

0 
0.047 
0.031 
0.015 
0.047 
0.031 
0.031 
0.031 
0.047 
0.047 
0 047 

I 

(1 brnysec) 

0.020 
0.058 
0.080 
0.119 
0.130 
0.138 
0.144 
0.150 
0.157 
0.164 
0.175 

0 
0.013 
0.008 
0 e 004 
0.013 
0 e 008 
0 008 
0 e 008 
0.013 
0.013 
0.013 
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Data from the  tests are presented  i n  F igures  A-9, A-10, and 
Flow versus  AP d a t a  are p l o t t e d  f o r  t h e  c y l i n d r i c a l  s i d e  A-11-  

screen  a lone  and f o r  both t h e  s i d e  and top sc reens ,  Theore t i ca l  
curves ,  based on the  flow l o s s  c a l c u l a t i o n  method ou t l ined  i n  
Ref A-4, are a l s o  presented  i n  t h e  i l l u s t r a t i o n s .  Re la t ive ly  
good agreementktween t h e  experimental  and t h e o r e t i c a l  r e s u l t s  
w a s  obtained f o r  Devices No. 1 and 2 ,  Figures  A-9 and A-10, re- 
spec t ive ly .  The experimental  r e s u l t s  f o r  t he  t h i r d  specimen 
show cons iderable  scat ter  and dev ia t ion  from t h e  p red ic t ed  re- 
s u l t s ,  The poor r e s u l t s  i n  t h i s  case can be a t t r i b u t e d  t o  ex- 
per imental  e r r o r .  Only small bellows d e f l e c t i o n s  w e r e  produced 
wi th  Device N o .  3 r e s u l t i n g  i n  t h e  unce r t a in ty  i n  measurement 
having a g r e a t e r  impact on t h e  c a l c u l a t e d  p res su re  drop. For 
example, an e r r o r  of 0.030-in. i n  t he  measurement of h l  w i l l  
y i e l d  a 30% d i f f e r e n c e  i n  t h e  AP c a l c u l a t i o n .  f 

C. CONCLUSIONS 

A c r i t i c a l  des ign  cons ide ra t ion ,  as y e t  no t  d i scussed ,  i s  re- 
f i l l  of t h e  cap i l l a ry /be l lows  device .  
A-5 and A-9 can be  used t o  p r e d i c t  t h i s  c a p a b i l i t y  f o r  Device No. 
1. Flow loss, APf, through t h e  c y l i n d r i c a l  s c reen  only is n e a r l y  

0 . 1  p s i  a t  a flow rate of 0.12 lbm 

t u a l l y  no r e f i l l  w i l l  t ake  p l a c e  dur ing  outf low s i n c e  the  p re s su re  
drop is  nea r ly  s u f f i c i e n t  t o  c o l l a p s e  t h e  bel lows.  I f  t he  device  
were completely covered wi th  s e t t l e d  p r o p e l l a n t ,  r e f i l l  dur ing  
outflow a t  t h i s  rate 0.12 l b  sec i s  achievable  s i n c e  t h e  pres -  

s u r e  drop i s  only 0.038 p s i  through both sc reens .  The bellows re- 
s t o r i n g  f o r c e  i s  g r e a t e r  than  t h e  compressive f o r c e  r e s u l t i n g  from 
t h i s  APf of 0,038 p s i .  The device  w i l l  n o t  completely r e f i l l ,  b u t  

w i l l  f i l l  t o  w i t h i n  0.4-in. of t h e  bellows n e u t r a l ’ p o s i t i o n ,  as 
shown i n  F igure  A-5.  Values f o r  t h e  r e f i l l  rates are a l s o  avail- 
a b l e  from t h e s e  curves.  For example, assume an engine restart a t  
an outf low rate of 0.05 lbm sec. 

menced t o  t h e  p o i n t  of compressing t h e  bellows 0.75-in. be fo re  t h e  
s i d e  sc reen  of t h e  device  i s  wet ted  wi th  s e t t l e d  p r o p e l l a n t ,  The 
flow l o s s ,  F igure  A-9, of about 0.04 p s i  corresponds t o  a bellows 
compression of 0 .4- ine 
the  s i d e ,  c y l i n d r i c a l  s c reen  a t  a bellows d e f l e c t i o n  of 0-75-in.  

Data presented  i n  F igures  

A t  t h i s  condi t ion ,  v i r -  lSec * 

( m l  ) 

Also assume t h e  burn has com- I 
The AP a v a i l a b l e  f o r  t o t a l  flow through 
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is  0 . 1  p s i  ( F i g e  A-5) and provides  a f l o y  rate through t h e  s i d e  
s c r e e n  of 0.12 l b  sec, F igure  A-9. A t  t h i s  condi t ion ,  t h e  r e f i l l  

f low rate i s  0.12 lbm/sec minus 0,05 l b  A s  

r e f i l l  p rog res sesp  t h e  rate w i l l  decrease  l i n e a r l y  t o  zero a t  a 
bel lows compression of 0.4-in. An average flow ra te  of 0.035 lbm 

sec can then  b e  used t o  determine t h e  r e f i l l  t i m e  requi red  based 
on t h e  bel lows volume f i l l ed l - . Ig- th is  example, t h e  volume f i l l e d  
is  4T84 i n s 3  0,141 l b  of methanol and the  r e f i l l  t i m e  i s  4.03 

see. A s  mentioned, r e f i l l  i s - th rough  t h e  s i d e  sc reen  only;  there-  
f o r e ,  complete s e t t l i n g  is  no t  r equ i r ed  f o r  r e f i l l i n g ,  , 

I 
m l  

sec, o r  Oa07 lbm sec, m l  
I 

- 

( m ) 

Working ano the r  example us ing  0.05 l b  sec through t h e  s i d e  
m I 

s c r e e n  and a 0.75-in, d e f l e c t i o n  of t h e  bel lows f o r  Device No, 2 
w i l l  tend t o  i n d i c a t e  t h e  importance of t h e  s p r i n g  rate. The flow 
l o s s  (Fig.  A-10) is 0,046 p s i ,  which corresponds t o  a bellows com- 
p res s ion  (F ig ,  A-6) of 0 , I - in .  The AP a v a i l a b l e  f o r  t o t a l  flow 
through t h e  s c r e e n  a t  a bel lows d e f l e c t i o n  of 0.75-in. is  0.349 
p s i ,  (Fig.  A-6) whlch provides  a flow rate of 0.383 lbm sec (ob- 

t a ined  by e x t r a p o l a t i n g  t h e  r e s u l t s  presented  i n  F ig .  A-lo), 
i n i t i a l  r e f i l l  rate f o r  t h i s  device  wi th  t h e  h igher  sp r ing  ra te  is  
0.383 l b  sec minus 0,05 l b  sec, o r  0.333 l b  sec, R e f i l l  w i l l  

s t o p  when t h e  bel lows reaches t h e  d e f l e c t i o n  which induces 0,05 
l b  sec of flow i n t o  t h e  device ,  o r  0 , l - i n .  Using an  average flow 

rate of 0.166 lbm sec, t h e  r e f i l l  volume is 9.16 i n .  

0.75- and 0.10-in d e f l e c t i o n )  and t h e  r e f i l l  t i m e  i s  1.58 see, 
Thus, t h e  system w i t h  t h e  h igher  s p r i n g  rate is capable  of r e f i l l -  
i n g  a t  a rate 4.75 times reater than  t h e  system wi th  the  lower 
s p r i n g  rate (previous example), 

I 
The 

4 .I m l  
m l  

(between 

A clearer p i c t u r e  of t h e  cap i l l a ry /be l lows  performance may be 
seen  i n  F igure  A-12, 
p l o t t i n g  t h e  d a t a  presented  i n  F igure  A-10 wi th  t h a t  from Figure  
A-6, The flow rate c a p a b i l i t y  f o r  t h e  device  (No, 2) i s  shown i n  
F igure  A-12 as a f u n c t i o n  of bel lows d e f l e c t i o n  ( t h e  uppermost 
l i n e  f o r  flow through both  s c r e e n s  and t h e  lower f o r  flow through 
only t h e  s i d e  s c r e e n ) .  
r e p r e s e n t s  flow o u t  of t h e  device  f o r  engine restart wi th  no flow 
i n t o  the  device.  
t he  bellows by tank  p r e s s u r i z a t i o n  t o  supply t h e  engine wi th  the  
0.05 l b  sec outf low,  A t  a d e f l e c t i o n  of 0 ,75-in. ,  s e t t l e d  l i q u i d  

m /  
starts t o  cover t h e  s i d e  sc reen ,  r e s u l t i n g  i n  flow being induced 

The curves shown are t h e  r e s u l t  of c ross -  

Re fe r r ing  t o  t h e  previous example, p o i n t  1 

The pa th  from 1 t o  2 i n d i c a t e s  compression of 
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Figure A-12 Flow Rate i n t o  Device No, 2 as a Funct-ion of Bellows Deflection 
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i n t o  the  device under the  in f luence  of t h e  bellows expansion. 
Flow i n t o  the  bellows inc reases  t o  0.383 lbm/sec (point  3 ) .  

thebe l lowsexpands ,  flow i n t o  t h e  device decreases  along t h e  pa th  
from 3 t o  4. I f  r e f i l l i n g  cont inues without  the top  sc reen  cov- 
e red ,  po in t  4 w i l l  be reached a t  which po in t  flow i n t o  t h e  device 
through the  s i d e  screen  equals  flow t o  the  engine.  No f u r t h e r  
movement of t h e  bellows w i l l  occur  unless  outflow i s  terminated 
o r  the  top sc reen  is  covered by l i q u i d .  I f  t h e  top screen  i s  n o t  
covered, t h e  t i m e  requi red  t o  move from 3 t o  4 i s  1.58 sec. 
however, p r i o r  t o  reaching po in t  4, l i q u i d  does cover t h e  top 
screen  (poin t  4a) t h e  flow ra te  w i l l  i n c r e a s e  t o  p o i n t  5 and then 
decrease along t h e  upper-curve t o  po in t  6, t h e  equi l ibr ium con- 
d i t i o n .  R e f i l l i n g  f o r  t h i s  case requ i r e s  less t i m e  and t h e  de- 
v i c e  i s  f i l l e d  t o  a g r e a t e r  level ( l e s s  bellows d e f l e c t i o n ) .  

A s  

I f ,  

The r e s u l t s  obtained from these  r a t h e r  l i m i t e d  and q u a l i t a t i v e  
tests, tend t o  support  t h e  f e a s i b i l i t y  of t h e  cap i l l a ry /be l lows  
concept as a p rope l l an t  a c q u i s i t i o n  device.  More q u a n t i t a t i v e  
d a t a  and v i b r a t i o n  and s l o s h  tests are  requi red .  Fabr i ca t ion  
problems are n o t  apparent  s i n c e  bellows and screen  f a b r i c a t i o n  
i s  t h e  p re sen t  s ta te -of - the-ar t .  
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